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ABSTRACT
Project 1: Femoral neck is of particular concern in the hip fractures and aging. A
better understanding of the hip loading environment is helpful for the hip fracture
prevention, rehabilitation, and the design of osteogenic exercises. This study was to
compare the femoral neck stresses between young and older adults during stair ascent
and descent, and to identify the contribution of muscle and reaction forces to the stress.
Motion analysis and inverse dynamics method, musculoskeletal and elliptical femoral
neck cross-section models were used to estimate stress on the femoral neck. During stair
ascent, a significantly increased tension at the superior site was found for young group
at the first peak (young: 13.5±6.1 MPa, old: 4.2±6.5 MPa, p < 0.001), and a significantly
increased compression at the posterior site for old group at the second peak (young: -
11.4±4.9 MPa, old: -18.1±8.6 MPa, p = 0.006). The stresses produced by muscle and
reaction forces were reported for all 4 surfaces of the femoral neck. The loading of the
proximal femur as assessed from stresses and their component provided loading
information on the bone structure. Understanding this information can provide the
researcher with a more comprehensive view of the loading on the bone tissues in the
hip region.
Project 2: Understanding the hip loading environment during daily activity is
necessary for the understanding of hip fractures and the design of osteogenic exercises.
Using the finite element femur model, the purpose of this study was to estimate the
femoral strains at 9 cross-sections along the long axis of femur for stair ascent and
vdescent at the hip contact force peaks. All subjects (both young and older groups)
performed 5 trials of stair ascent and 5 trials of descent with a 3-step staircase. For the
compressive strains, stair descent generated greater compressive strains than ascent for
all cross-sections (except the 8th cross-section) during both hip joint contact force peak
1 and peak 2. For the tensile strains, stair descent generated greater tensile strains than
ascent for most cross-sections during both hip joint contact force peak 1 (the 1st to 6th,
and the 9th cross-sections) and peak 2 (the 1st to 6th, the 7th, and the 9th cross-
sections). Strains were analyzed in this study, which represents the material
deformation effect on the bone due to the sum of all the bone external loads. Using
bone strains could help future studies analyze loading conditions in a more
comprehensive way for other physical activities, which predicts the risk of stress
fractures and tests if some alternative methods (gait type change) could reduce stress
and strain effectively.
Project 3: For older population, development of hip fracture and pain prevention,
and the design of osteogenic exercise need better understanding of the hip joint loading
environment during daily activities. Using the motion analysis and inverse dynamics
methods, combined with musculoskeletal modelling, static optimization, and finite
element femur model, this study is to compare the femoral neck strains between stair
ascent and descent, young and older populations. The strains at the femoral neck cross-
section were greater for stair descent than ascent for young (Compressive: peak 1
descent -806.6±363.6 µε, ascent -500.1±137.5 µε, p<0.001; peak 2 descent -679.3±301.2
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µε, ascent -401.8±132.7 µε, p<0.001; Tensile: peak 1 descent 339.3±195.0 µε, ascent
176.8±68.5 µε, p=0.001; peak 2 descent 259.0±99.3 µε, ascent 123.9±46.7 µε, p=0.004)
and older groups (Compressive: peak 1 descent -564.7±177.2 µε, ascent -403.6±144.8 µε,
p=0.006; peak 2 descent -503.3±155.9 µε, ascent -386.3±127.7 µε, p<0.001; Tensile:
peak 1 descent 236.7±105.3 µε, ascent 136.1±65.3 µε, p=0.003; peak 2 descent
208.7±75.1 µε, ascent 126.0±46.5 µε, p<0.001). Strain represents the material
deformation of the bone due to the sum of all the external loads. Using bone strains
could analyze bone loading in more comprehensive ways during physical activities,
which predicts the risk of stress fractures and tests the possible preventative methods.
Project 4: This research focused on stair descent to explore the loading
environment of the femoral neck, and develop some methods which might reduce
femoral neck loads in the daily activities. Using the motion analysis and inverse
dynamics methods, combined with musculoskeletal modelling, static optimization, and
finite element femur model, maximum compressive and tensile strains were tested at
the femoral neck using different gait types (step over step, step by step) and different
external weight carrying strategies (10% of body weight at ipsilateral side, 10% at
contralateral side) during stair descent. There is no significant Pearson Correlation
between age and femoral neck strains. The best Pearson Correlation (R=-0.282)
between age and compressive strain was found for the condition of step-over-step with
external weight at the ipsilateral side during the 2nd peak of hip joint contact force.
Compared with step-over-step, the compressive strain was significantly reduced for
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step-by-step with the trailing leg for the 1st peak (trailing: -739.6±184.0 µε, step-over-
step: -852.1±213.9 µε, p<0.001, d=0.70). Contralateral side weight carrying increased
both compressive and tensile strains for both step-over-step and step-by-step strategies
than ipsilateral. In general, applying step-by-step method for the trailing leg and avoid
external weight carrying at contralateral side could be effective to reduce femoral neck
strains.
1CHAPTER 1: INTRODUCTION
Research Focus: Bone health issues
Femoral neck fractures
Bone Fractures are among the most serious injuries, which results in
immobilization and caused some other related health issues. Repetitive or highly loaded
activities (Turner et al. 2005), the loss of BMD (McCreadie et al. 2000) etc. can be main
causes of a fracture.
For people, especially for older adults, hip fracture can be the most common
type of fracture and one of the most serious fractures (Figure 1.1). Femoral neck
fractures play an important role in morbidity and mortality among people. With the
overall mortality rate of hip fractures at 14.0-21.6% and the estimated 290,000 cases
expected by 2030, fractures at the femoral neck play an important role in morbidity and
mortality among people, especially older individuals (Graves et al. 1992; Jensen et al.
1980), which will play an integral role in the health of aging population (Kenzora et al.,
1984; White et al., 1987; Stevens et al., 2013). More about the specific loading
environment of the hip joint and the femoral neck should be investigated for the daily
activities, which provides more information for the regulation of the daily activities and
minimizing further damage to an injured site or developing some more preventative
measures.
2Figure 1.1. Hip fracture types (Brunner et al 2003)
Previous research: loading environment
A detailed analysis of the proximal femur load is necessary to understand the
mechanisms of failure. Due to the structure of the femoral neck, the hip abductor
muscles are placed away from the joint center which produces adequate abductor
torque to counter the adductor torque caused by weight of the torso (Figure 1.2). The
torso weight bends the femoral neck inferiorly and compresses the inferior surface
while the superior surface tends to be tensile. Axial compression is caused by a
component of the torso weight along the long axis of femoral neck, and the muscular
forces caused by the muscles across the hip joint. The axial compression acts throughout
the cross section and sums with the bending strains. The overall effect increases the
3compression on the inferior and decrease the tension on the superior surface. During
physical activities, the change of loading magnitude or rate (causes fatigue fractures),
insufficient bone strength or mass (causes fragility fractures) can change the probability
of bone failure or fracture, which may provide some suggestions to lower the possible
bone failure or fracture risks.
Figure 1.2. The effect of torso weight and hip adductor muscle on the hip joint
(http://musculoskeletalkey.com/extracapsular-proximal-femur-fractures/)
Failure loading at the proximal femur can be measured directly by the cadaver
derived model. External loads with increments, fixed locations and directions were
added gradually on the model or cadaver specimen. The cadaver proximal femora using
CT scan-based linear finite element models were used (Keyak et al. 2001). A fall and
Torso weight
Abductor muscle force
4atraumatic conditions were applied to the model. The magnitude and directions of
minimum and maximum fracture load were reported for both conditions. However, the
results did not show enough evidence that the experimental loading settings could be
applied to the vivo settings during daily activities. Another study by (Swiontkowski et al.
1987) also contains this issue, in which the average bending and torsion parameters
were reported through material testing of cadaver proximal femora.
Loading environment on the hip joint can be explored by a variety of methods,
the contact forces and bending moments at the hip joint were measured directly by
instrumented prostheses at the hip joint in different activities (Bergmann et al., 1988;
1993; 1995a, 1995b; 2001), including walking, jogging, stair ascent and descent. These
devices transmit the hip joint forces via a wireless signal to a computer while patients
perform various activities. Yet there is still uncertainty concerning which activity
produces greater loads, this lack of clarity is partly due to the difficulty in measuring the
variables that are directly responsible for damage. It also should be noted that these
measurements were performed on a small number of subjects (n = 2-4) and the subjects
were atypical since they had hip replacement surgeries within 11-31 months of the
testing (Bergmann et al., 1988; 1993; 1995a, 1995b; 2001).
Inverse dynamics and rigid body models estimate net joint moments and
reaction forces for daily physical activities. Kirkwood et al. (1999), Riener et al. 2002,
Novak et al. (2011), Protopapadaki et al. (2007) measured hip joint reaction forces and
5moments for older population during stair ascent and descent. Such measures provide
hip joint loading information during daily physical activities. They are just approximate
estimation if represent femoral neck loading. Both the net joint moment and the
reaction force ignore the effects of co-contracting muscles and fail to consider the bone
size in determining the potential for failure.
As mentioned, reaction forces, and moments at lower limb joints, calculated
from inverse dynamics and rigid body models, can be used as input to predict the
internal bone forces and moments on 11 points of the femur (Edwards et al. 2008). In
this study, the internal force at the femoral neck during running was reported, but the
effect of other activities, e.g. stair ascent and descent, and femoral stress distribution
were not taken into consideration.
Some ideas for the more recent work are, joint reaction forces and moments can
be used in a musculoskeletal modelling procedure and a static optimization method
estimates muscle forces in vivo. Calculation of hip joint contact forces uses above
variables as input, and bone model can be used with joint contact and muscular forces
to estimate the femoral neck stress and strain.
Thoughts for the Dissertation: Stress/strain analysis
Stress and strain on the bone are the summarized outcomes of almost all the
loading types acting on the bone, which representing all axial, bending, shear, and
torsional loading (both forces and torques) caused by joint contact and muscular forces.
Analytical procedures developed from mechanics of materials could be applied, and
6stress/strain analysis for the whole bone could be a more direct method to analyze the
loading environment on the bone that is responsible for possible physiological stimuli,
structural damages or injury.
Muscular modeling and force estimation
Muscle forces are most frequently predicted using inverse dynamics-based static
optimization. A musculoskeletal model was used to obtain maximal dynamic muscle
forces, muscle moment arms and orientations for 44 lower limb muscles (Arnold et al.
2010). Static optimization was used to select a set of muscle forces that minimized the
sum of the squared muscle stresses and balanced the sagittal plane hip, knee and ankle
moments, frontal plane hip moment, and the transverse plane hip and ankle moments
with the external moments for each frame of data (Glitsch et al. 1997).
The elliptical Bone cross-sectional model
The stress on a cross section of a bone can be estimated by a homogenous
ellipse bone model. This model estimates 2 dimensional stresses on a cross section
approximately for a bone. Since it is a 2-D model, the stress at each point of the model
can be estimated either compressive or tensile. The deformation of the bone (bone
strains) under external loading cannot be explored in this 2-D model.
Validation of the elliptical bone model showed the correlations between
elliptical bone model and CT bone model for the tibia bone which are good enough to
perform the repeated measurements for the subjects (Derrick et al., 2016). If the shape
7of the bone cross-section bone is more similar to the elliptical model, such as femoral
neck, so the correlations of stresses of the bone cross-section between elliptical model
and CT model should be much better than the tibia study. Moreover, the inputs of the
elliptical model were joint contact forces and muscular forces across the joint, which
were inputs separately into the model for the stress analysis. This procedure could
provide the stress curves for the whole stance phase and analyzed break down of the
stress components much easier than finite element models, such stress caused by
muscular v.s. reaction loads, or stress caused by axial v.s. bending loads.
Bone strain & 3-D finite element model
Strain gages can be put on the surface of the bone and measure the bone strains
in vivo directly (Burr et al. 1996). However, the strain gages are measuring several
limited superficial locations of the bone, which do not represent the strain conditions
for the whole bone or a cross section of a bone.
A finite element modeling method could be developed by CT scans or MRI scans.
This model involves the material property and geometry of the bone, musculoskeletal
model and forces estimation. This analysis can provide a more accurate and overall
estimation of bone strains. Applying muscular and joint contact forces on the finite
element bone model can provide more detailed 3 dimensional stress and strain for each
point of the bone.
8Dissertation Organization
This dissertation will first introduce the bone tissue structure, and then review
the epidemiological and biomechanical literature associated with the femoral neck
injuries. The following chapters will present four manuscript style studies (related topics,
purposes and hypotheses are listed) and conclude with an overall summary of the work
presented with suggestion for future research. The four studies are summarized below.
Study 1: Femoral neck stresses estimation using elliptical model for the young and
older adults during stair ascent and descent
The elliptical bone cross-section model for the femoral neck was used in this
study to estimate the femoral neck stresses at the superior, inferior, anterior, and
posterior surfaces during stair ascent and descent, for both young and older adults.
Quadratic prediction equations for the outer and inner diameters of the femoral neck
were created based on the age and gender specific subperiosteal width and cortical
width (Beck et al., 2000) and the ratio of maximal to minimal diameters (Bell et al.,
1999).
The purposes of this study were: 1) to compare stresses on the femoral neck
during stair ascent and descent for young adults; 2) to compare stresses on the femoral
neck between young and old adults; 3) to analyze the proportion of stresses from
muscle and reaction force.
The hypotheses were that: 1) loading at the femoral neck would be greater for
stair ascent than descent for young adults because of the increased muscle forces
9required during the ascent activity; 2) stresses on the femoral neck for young adults
should be lower than old adults, which may indicate that older adult are in more risky
situations of femoral neck fractures.
Study 2: The strains estimation using finite element model for the whole femur during
stair ascent and descent
The same finite element femur model as the study 2 was used. The compressive
and tensile strains for the whole femur were compared between young and older adults
during stair ascent and descent. Same scaling methods were used for the finite element
model to apply the model to the individual subject.
The purposes of this study were: 1) to explore the maximum compressive and
tensile strains on the femur cross sections at each 10% along the femur length (from
10% to 90%); 2) to compare the peak strains at the same cross section between stair
ascent and descent; and between young and older adults; 3) to locate the peak
compressive and tensile strains for each cross section.
Study 3: Femoral neck strains estimation using finite element model during stair
ascent and descent
The finite element femur model was used in this study to estimate femoral neck
compressive and tensile strains during stair ascent and descent, for older adults. The
individual thigh length in longitudinal direction, and length·diameter2 ∝ body mass
(McMahon, 1973) in radial direction were used to scale the finite element model for
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individual subject. The material property was justified by the gender specific
correlations between Young’s modulus and age (Burstein et al. 1976).
The purposes of this study were: 1) to compare peak compressive and tensile
strains on the femoral neck between stair ascent and descent for young and older adults;
2) to compare peak compressive and tensile strains on the femoral neck between young
and older adults during stair ascent and descent; 3) to locate the peak compressive and
tensile strains for each stair navigation type and age group.
The hypotheses were that: 1) both compressive and tensile strains on the
femoral neck would be greater for stair descent than ascent, which may indicate that
stair descent is a more risky situation for femoral neck fractures; 2) both compressive
and tensile strains on the femoral neck would be greater for older adults, which may
indicate that older adults may have a more risky situation for femoral neck fractures.
Study 4: Femoral neck strains estimation during stair descent with different gait types
and external weight carrying strategies
The same finite element femur model as the study 2 was used. Estimation of the
femoral neck compressive and tensile strains will be analyzed during stair descent,
femoral neck strain are tested among different gait types, and different external loading
conditions. Same scaling methods were used for the finite element model to apply the
model to the individual subject.
New factors in the analysis were: 1) the gait types: step-over-step and step-by-
step methods will be performed; 2) the external weight carrying strategies: holding the
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external weight at either ipsi lateral or contro lateral side; 3) leading and trailing legs will
be analyzed separately for the step-by-step conditions.
In this study, maximum compressive and tensile strains are tested at the femoral
neck using different gait types (step-over-step, step-by-step) and different external
loading carrying strategies (no load, 10% of body weight at ipsilateral side, 10% at
contralateral side) during stair descent, then a linear regression model is used to test if
there is a significant correlation between age and each combination of gait type and
external loading carrying strategy (2 by 3). More analysis was applied to compare
femoral neck strains between gait types (step-over-step v.s step-by-step), and among
different external weight carrying strategies (10% of body weight at ipsilateral side, 10%
at contralateral side), which could provide some preventative methods to reduce
femoral neck strains for the injured leg.
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CHAPTER 2: LITERATURE REVIEW
Bone Physiology
Bone structure & function
Bone is a hard tissue in the vertebrate skeleton. Bones come in a variety of
shapes and sizes, which have a complex structure: a honeycomb-like matrix internally
helps build up its rigidity. They are lightweight while strong and hard, and serve multiple
functions. Functions of the bone are (Figure 2.1): 1) to provide structure and support for
the body (Datta et al. 2008); 2) to enable mobility (Datta et al. 2008); 3) to produce
blood cells, store minerals etc.
Figure 2.1. The functions of the bone
(https://ehumanbiofield.wikispaces.com/MA+Skeletal+System)
Structure/Support
Enable mobility
Produce blood
cells, Store
minerals
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The bones in the body form the skeleton which provides 1) a frame to keep the
body supported; 2) attachment points for skeletal muscles, tendons and ligaments.
Mechanical functions together generate and transfer forces so that individual
body segment or the whole body can be manipulated in 3-dimensional space.
Bone tissue has two types of mineralized tissue: cortical and cancellous bone
(Figure 2.2). The cortical bone is the hard outer layers of the bone and facilitates main
functions of the bone: 1) to support the whole body; 2) to provide the attachment of the
muscles, tendons and ligaments; 3) to provide levers for the muscle, tendon and
ligament to fulfill the movement.
Cortical bone is much harder, stronger and stiffer than cancellous bone.
Cancellous bone is less dense than the cortical bone, which makes it softer, and weaker
but more flexible. The primary anatomical and functional unit of cancellous bone is the
trabecula. The trabeculae are aligned towards the mechanical load distribution that a
bone experiences. Other types of tissue found in bones include bone marrow,
endosteum, periosteum, nerves, blood vessels and cartilage.
One of the mechanical functions of the bone is to sustain the external loading,
which has a high compressive strength about 120 to 130 MPa, less tensile strength
ranged from 102 to 120 MPa, and pretty low shear stress strength about 50 MPa (Rhoa
et al. 2001; Turner et al. 2001). So the bone can resist compressive stress well, tensile
stress less well, and shear stress poorly (Figure 2.3).
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Figure 2.2. The structure of cortical and cancellous bone
(https://www.anatomylibrary99.com/bone-anatomy-cortex/bone-anatomy-cortex-the-
microstructural-and-biomechanical-development-of-the-condylar/)
Figure 2.3. Loading types on the bone
(http://www.gustrength.com/kinesiology:tension-compression-shear-torsion)
Adaptation & Stimuli
Bone modeling and remodeling constantly creates and replaces the bone tissue,
which is accomplished by the metabolism activities of osteoblasts osteocytes, and
osteoclasts (Robling et al. 2006; Seeman 2009). Osteoblasts and osteocytes are involved
Compression Tension Shear
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in the formation and mineralization of bone; osteoclasts are involved in the resorption
of bone tissue. Cells are stimulated by a variety of signals, such as stress and strains
caused by muscular and external forces.
One purpose of modeling and remodeling is to repair micro-damages from
everyday stress, and to shape the skeleton during growth (Robling et al. 2006; Lanyon et
al. 2001). Physically active individuals have more bone mass during growth and
development, and better maintain this bone mass throughout adulthood, than other
more sedentary individuals (Edward et al. 2016).
Bone responds and adapts to the mechanical loading is called functional
adaptation. Bone strain and stress, or their consequences (such as micro-damage on the
bone), are the mechanical signal which drives this adaptive process. During daily
activities such as walking or stair navigation, the accurate estimation of bone stress and
strain could be the key factors to understand the relationship between skeletal
maintenance and the mechanical loading.
Bone injuries
A bone fracture is a condition that damage is on bone. It can be the result of
significant force (high force impact), long term repetitive loading (stress fracture), or
some medical conditions which weaken the bone strength or mass, such as osteoporosis,
bone cancer. Fractures and causes of fractures can be diagnosed with X-rays, CT scans
and MRIs. Fractures can be described by several classification systems depending on the
causes, locations and shapes.
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Bone Fractures are among the most serious injuries, which results in
immobilization and caused some other related health issues. For people, especially for
older adults, hip fracture can be the most common type of fracture and one of the most
serious fractures, which could be caused by the repetitive loadings (stress fracture), or
fall with osteoporosis. Hip fractures are commonly associated with low energy trauma
or fragility fractures due to osteoporosis, it is estimated that the incidence of hip
fractures will rise from 1.66 million in 1990 to 6.26 million by 2050 (Dhanwal et al. 2011;
Pesce et al. 2009).
Research Focus: Femoral neck loading environment
Femoral neck fractures
Hip fracture can occur at the trochanter or the neck of the femur, the age-
adjusted incidence of cervical (neck) fractures (Figure 2.4) increased from 188 to
220/100,000 and of trochanteric fractures from 138 to 170/100,000. In women the
incidence of cervical fractures decreased from 462/100,000 to 418/100,000 and of
trochanteric fractures from 407/100, 000 to 361/100,000 (Lofman et al. 2002). Femoral
neck fractures play an important role in morbidity and mortality among people. With
the overall mortality rate of hip fractures at 14.0-21.6% and the estimated 290,000
cases expected by 2030, fractures at the femoral neck play an important role in
morbidity and mortality among people, especially older individuals (Graves et al. 1992),
which will play an integral role in the health of aging population (Kenzora et al., 1984;
White et al., 1987; Stevens et al., 2013). More about the specific loading environment of
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the hip joint and the femoral neck should be investigated for the daily activities, which
provides more information for the regulation of the daily activities and minimizing
further damage to an injured site or developing some more preventative measures.
Figure 2.4. The femoral neck fracture (http://www.umiamihospital.com/health-
library/orthopaedics/common/hipfract)
Both repetitive and non-repetitive excessive external loading are the key risk
factors for the femoral neck fractures. In this dissertation, the mechanism of femoral
neck fractures could be figured out by exploring the loading conditions at the femoral
neck in different activities (Bergmann et al. 1988; 1993; 1995a, 1995b; 2001) using a
variety of bone models. Internal bone forces and moments, and the stresses & strains at
the femoral neck can act as the key variables to investigate the femoral neck loading
environment.
Cadaver testing – failure loadings
Cadaver testing can explore the loading conditions of the femoral neck directly.
CT scan-based linear finite element models of proximal femora (Keyak et al. 2001) were
18
used to figure out the lowest and highest fracture loads which may result in hip
fractures. Two types of loading were acting on femoral head of the model: 1) fall
condition; 2) atraumatic condition. The angles of the external forces to the sagittal (fall:
γ; atraumatic: α) and frontal plane were measured (fall: δ; atraumatic: β). For the fall
condition, the lowest fracture load (1121 N) was acting at γ= 70 degrees and δ=55, the
highest fracture load (1797 N) was at γ=80 and δ=85. For atraumatic condition, the
lowest fracture loads were acting at β=30 or α= 10 and β=0, and the highest loads were
acting at α=20 and 25, β=7 and 10. Swiontkowski et al. (1987) tested proximal femora
specimen with 1) torsional testing with an 890 N compressive force along the femoral
neck axis, rotated the shaft around the femoral neck axis at 270 degrees/min; 2) cyclic
bending test with the downward vertical compression load at femoral head ranging
from 222 to 666 N, 445 to 1355 N, and 667 to 2000 N. The bending stiffness for femoral
neck were 2.005 MN/m (222 to 667N), 2.174 MN/m (445 to 1335 N), and 2.179 MN/m
(667 to 2000 N). Torsional stiffness was 378.4 Nm/rad.
The material testing for the bone provided useful information including the
failure loading magnitudes, directions and some bone elastic properties. However, the
experimental testing may not be able to reveal the bone loading environment for the
daily activities. Moreover, more realistic settings were neglected, such as the effect of
muscular forces and moments acting on the bone. For instance, hip abductor muscles
could balance the bending effect caused by the weight of torso at femoral neck during
some daily activities.
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Hip joint implant – contact forces and bending moments
Contact forces at the hip joint during daily activities can be measured directly by
instrumented hip implants with telemetric data transmission. These devices transmit
the hip joint forces via a wireless signal to a computer while patients perform various
activities. Several studies have examined the joint loading environment of the proximal
femur during stair ascent and descent (Bergmann et al., 1988; 1993; 1995a, 1995b;
2001).
Bergmann et al. (2001) used instrumented hip implants and measured the daily
activities including stair ascent and descent, walking with several different speeds. The
peak resultant hip contact force for stair ascent was 251% BWs, and descent was 260%
BWs. Bergmann et al. (1995a) found that, for stair ascent and descent, the hip joint
contact forces (stair ascent: subject 1 as 350% BWs, subject 2 as 552% BWs; descent:
subject 1 as 392% BWs, subject 2 as 509% BWs) were much greater than during walking
with normal speed (subject 1: 315% BWs, subject 2: 409% BWs). Stair ascent generated
a torsional moment (4.0% BW m) that was much greater than descent (2.6% BW m). The
bending moments were similar for stair ascent (7.0% BWm) and descent (8.3% BW m).
Instrumented hip implants successfully measured loading environment of the hip
joint and proximal femur directly for the daily activities, yet which activity produces
greater loads on the femoral neck is still unknown. This is partly due to the difficulty in
measuring the variables that are related to the bone damage directly. A small number of
subjects (n = 2-4) were used in the measurement, and they were atypical since they had
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hip replacement surgeries within 11-31 months of the testing. The invasive nature and
limited subject pool reduces the practicality in most laboratory and clinic settings.
Inverse dynamics and rigid body – Joint reaction forces and moments
Inverse dynamics and rigid body models were used to determine the load at the
hip joint. Ground reaction forces during daily activities could be measured by force
platform. Retro-reflective markers on anatomical landmarks of the body segments were
collected by 3-D capture system to get kinematic data. Combining kinetic and kinematic
data with anthropometric measurement, joint reaction forces and moments of the
lower limb joints could be calculated. This procedure to calculate the joint reaction
forces and moments was more accurate for more distal joint (ankle), but could result in
more errors for more proximal joint (neck, head), due to more steps of calculation
(Heller et al. 2001). For the hip joint, the accuracy of the outcomes from inverse
dynamics and rigid body model could be guarantee by Heller et al. (2001).
Kirkwood et al. (1999), Novak et al. (2011), Protopapadaki et al. (2007) measured
hip moments during stair ascent and descent for older population. From Kirkwood et al.
(1999), the peak hip abductor moment for stair descent (0.96 Nm/kg) was greater than
stair ascent (0.77 Nm/kg). The peak hip flexor moment during stair ascent reached 0.20
Nm/kg, which is smaller than stair descent (0.28 Nm/kg). The peak hip extensor
moments for stair ascent (1.0 Nm/kg) was doubled greater than stair descent (0.50
Nm/kg). Novak et al. (2011) showed that the hip extensor moments were greater for
stair ascent (0.55 ± 0.18 Nm/kg) than descent (0.23 ± 0.19 Nm/kg), the hip flexor
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moments were greater for stair descent (0.31 ± 0.14 Nm/kg) than ascent (0.15 ± 0.10
Nm/kg), the hip abductor moments were greater for stair descent (0.74 ± 0.13Nm/kg)
than ascent (0.68 ± 0.14 Nm/kg).
Overall, the extensor moments for stair ascent was greater than descent, flexor
moments were greater for stair descent than ascent (almost 2 times greater). Generally,
extensor moments were much greater than flexor moments. So in sagittal plane, the
extensor moments dominate in the whole stance due to flexed posture (stair ascent)
and the need of push off (descent). Abductor moments change varies among different
studies, but there is no big difference for all studies. As a loading analysis procedure
which involved in the external forces and moments without consideration of the
muscular forces, these procedures provide load environment on the joints caused by the
external loading (e.g. gravity and acceleration of the segment) during different activities,
but it was not enough to reveal the loading distribution for the whole bone or particular
parts of bone.
Musculoskeletal model, joint contact forces, and bone internal forces
The musculoskeletal model named OpenSim (Figure 2.5) provides the
information of dynamic maximal muscle forces, moment arms, muscle attachment sites,
and muscle orientations for all 44 muscles of the lower limb (Arnold et al. 2010; Delp et
al, 1995). Maximum dynamic muscle forces were adjusted for individual muscle length
and velocity for each person. A set of muscle forces were selected using static
22
optimization function, which minimizes the sum of squared muscle stresses, and makes
the sum of muscle moments equal to the joint reaction moments.
Figure 2.5. An example of musculoskeletal model from OpenSim
Joint contact forces can be calculated when the net force at the joint plus all
muscle forces attaching to the same bone are summed. Joint contact forces involve the
external reaction forces and moments and internal muscular forces and moments .Since
reaction loadings were generally smaller than the resultant muscular forces
(Sasimontonkul et al., 2007; Giarmatzis et al., 2015; Rooney & Derrick, 2013), when
considering the bone external loading environment, joint contact forces could be used
as the summary of the bone external loading which contain both reaction and muscular
loadings acting on the bone.
The hip loading derived from inverse dynamics and musculoskeletal model
(indirect method) was also compared with instrumented femoral prostheses (direct
method) for stair ascent/descent. There was a small overestimation of the hip contact
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forces using the indirect method (no more than 13%), which gave a good agreement in
patterns and magnitudes of calculated and directly measured hip contact forces (Heller
et al. 2001).
Edwards et al. (2008) provided joint reaction forces, moments at ankle, knee and
hip as well as internal forces and moments were calculated during running. A scaled
SIMMmusculoskeletal model and fmincon function in Matlab were used to obtain
muscular forces and moments. Internal forces and moments were calculated in the
femur. The peak AP hip joint contact force was -1.60±0.45 BWs, the peak axial force was
-11.89±2.19 BWs, the peak ML force was 6.25±0.83 BWs. The peak bone internal forces
at the femoral neck were -3.57 BWs (anterior-posterior, AP), -6.79 BWs (axial, Vert), and
3.75 BWs (medial-lateral, ML). Peak bone internal moments for the femoral neck were -
0.31 BWm (AP), 0.05 BWm (torsional), and -0.20 BWm (ML). Femoral neck had the
lowest axial force than other point of the femur, the peak load occurred during impact
phase of running, which was highly related to high loading rate and may result in more
micro-damages to the bone.
Bone model – elliptical cross-sectional model
The simple model using a homogenous elliptical shape (Figure 2.6), which
represents the bone cross-section, could estimate stresses caused by axial and bending
load. Some other bone cross-sectional model can be derived by the CT or MRI scans,
which represents more realistic geometry and material property. Since bone model
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gives more bone geometry information, compressive and tensile stresses acting on the
cross-section of the bone can be estimated.
Figure 2.6. An example of a homogenous elliptical bone model for the femoral
neck cross-section.
Derrick et al., 2016 compared the peak compressive and tensile stresses on the
tibia cross-section between an elliptical bone model and a CT bone model. The cortical
area was 356.7±47 mm2 for the CT model, and 420.7±64.4 mm2 for the elliptical model,
the correlation was 0.91. The peak anterior tension was 27.0±11.7 MPa (CT model) and
14.6±5.7 MPa (elliptical model), the correlation was 0.89. The peak posterior
compression was -47.5±14.9 MPa (CT model) and -33.80±9.7 MPa (elliptical model), the
correlation was 0.96. The values of area and stresses were different between CT model
and elliptical model, but the simplification of the model can be made without changing
the conclusion for the within subject experimental designs.
The elliptical bone model is effective on analyzing the bone stresses for the
difference among activities, but the comparison among groups of subjects needs to be
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in caution. Moreover, the input of the elliptical model were the joint contact forces
which summarized all the muscular and reaction forces and moments, the resultant
joint contact forces can be analyzed as the component acting along the long axis of the
bone, and the component acting as the pure bending on the bone. Analyzing the stress
components caused by different contact force components (axial or bending) will be
much easier and faster than the finite element model for the whole stance of the gait
cycle.
Bone model – finite element model
Finite element modeling method involves the material property and geometry of
the bone, musculoskeletal model and force estimation. This material analysis can
provide a more accurate and overall estimation of bone strains. Applying muscular and
joint contact forces on the finite element bone model can provide more detailed 3
dimensional stress and strain for the whole bone.
Most finite element models were derived from CT or MRI scans of bone
specimens, which provide both the geometry and material property information to build
up the bone model (Keyak et al. 2001; Viceconti et al 2003) for the specific patients,
which makes the model with more accuracy and predicts the loading condition in a
more realistic way. In the finite element models, elastic modulus and compressive
strength were computed in each element of the bone model by using correlations
between calibrated CT scan and ash density, and between ash density and mechanical
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properties of trabecular and cortical bone. These procedures can be performed by the
commercially available computer programs (e.g. FEBio, Abaques), which analyze the
loading environment of the bone model.
These models were applied to loading test which tried to represent some
conditions like standing, walking or landing. Finding the loading conditions and failure
criteria, and testing different bone failure theories were fulfilled by these finite element
models (Keyak et al. 2001, Sabick et al. 1997).
The finite element method represented nice accuracy in predicting bone
strength and bone fracture load. The femoral strength prediction by finite element
models and quantitative computed tomography (QCT) and dual energy X-ray
absorptiometry (DXA) were compared (Cody et al. 1999). The finite element method has
greater prediction of the fracture load than the DXA, QCT was better than DXA but not
as accurate as finite element method. Keyak at el. (2001) showed high relationships
between mechanical measured fracture load and model predicted fracture load. The
correlation was 0.87 for the standing condition, 0.95 for the fall condition.
However, the finite element models were developed by the CT scans from
cadaver material or older individuals. The cadaver material (Keyak et al. 2001) were
from donors aged from 52 to 92 years old, and Cody et al. (1999) selected 51 donors all
of whom were older than 42 years old. The geometry and material property of the finite
element model may not be applicable to younger healthy individuals. Another issue was
lacking of realistic loadings on the bone model. Joint contact and muscular forces, and
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their acting locations and directions can be added to apply the analysis to the realistic
vivo conditions.
For vivo testing, it is well known that more complex and realistic loading
conditions (muscle models) are necessary to reflect the accurate anatomical
configurations. Finite element model with simplified muscle models resulted in
significantly inaccurate analysis (Duda et al. 1998; Speirs et al. 2007). The reaction forces
and the strains on the cortical surface were highly dependent on the boundary
conditions (Speirs et al. 2007). Duda et al. (1998) showed that the bone loaded with all
thigh muscles experienced a more or less homogeneous strain distribution, and the
shear forces and bending moments were overestimated if muscular forces were
neglected.
Musculoskeletal model and static optimization based on the inverse dynamics
method provides the solution to get the detailed muscular forces as loading conditions
and some constraints as boundary conditions. The muscular forces were derived by the
kinematic and kinetic data from the actual movements. Again, Heller et al. (2001)
represented the accuracy of the musculoskeletal model and inverse dynamics derived
joint contact forces, which indicated that the accuracy of muscular loading estimation.
Muscle insertion locations from the musculoskeletal model could be mapped to
surface nodes of the finite element model to provide the external loads on the femur for
a more realistic environment (Edwards et al. 2016). Finite element predicted femoral
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strains in walking were estimated by using muscle forces from forward dynamics
simulation and inverse-dynamics based static optimization (Edwards et al. 2016). The
finite element model was physiologically constrained at the lateral epicondyle, center of
the patellar groove, and the femoral head contact point (Speirs et al., 2007) for the
analysis.
By utilization of finite element bone models and musculoskeletal model based
on inverse dynamics, the stress and strain analysis with nice accuracy could be used in
widespread fields to estimate stress and strain distribution under different loading
conditions for: 1) using in the clinical settings; 2) evaluating the bone health; 3)
predicting the fracture risks; 4) developing alternative methods of movement to reduce
bone loading, etc.
Summary
Hip joint loading could be analyzed by a variety of ways: 1) Joint reaction forces
and moments reflect the external loading of the body or the segment, such as gravity
and segmental acceleration.
2) Musculoskeletal model and static optimization provide estimated muscular
forces as internally loadings acting on the bone structure.
3) The combination of 1) and 2) could provide the resultant forces and moments
acting on the bone, while the effect of detailed muscular force distribution on the whole
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bone will be neglected, which makes the outcomes mechanical analysis of the bone
away from the realistic conditions.
4) The resultant bone internal forces derived from hip joint contact forces could
be used in the two-dimensional elliptical cross-sectional bone model, which estimates
the compressive and tensile stresses on the cross-section of the bone.
5) The three-dimensional finite element bone model with muscular forces and
constrained points provides both accurate material and geometry of bone, and the
distributed forces on the bone. Due to the approximately similar settings compared with
the realistic human body, the overall stress and strain distributions from the model will
be much closer to the realistic conditions.
The analysis of the bone stress and strain based on the bone model could
provide a more realistic loading environment of the bone under a variety of physical
activities, which predicts the risk of stress fractures and tests if some alternative
methods (gait type change) could reduce stress and strain effectively.
In this dissertation, the femoral neck loading environment during stair ascent
and descent is explored: 1) to analyze stresses and strains on the femoral neck during
stair ascent and descent by using the 2-D elliptical and 3-D finite element femur model;
2) to figure out which activities will result in greater loading on the femoral neck, and
which location suffers more stresses or strains on the femoral neck; 3) to develop some
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practical methods to reduce femoral neck loadings, e.g. changing gait type from step-
over-step to step-by-step, which reduces the single leg stance phase time.
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Abstract
Femoral neck is of particular concern in the hip fractures and aging. A better
understanding of the hip loading environment is helpful for the hip fracture prevention,
rehabilitation, and the design of osteogenic exercises. This study was to compare the
femoral neck stresses between young and older adults during stair ascent and descent,
and to identify the contribution of muscle and reaction forces to the stress. Motion
analysis and inverse dynamics method, musculoskeletal and elliptical femoral neck cross-
section models were used to estimate stress on the femoral neck. During stair ascent, a
significantly increased tension at the superior site was found for young group at the first
peak (young: 13.5±6.1 MPa, old: 4.2±6.5 MPa, p < 0.001), and a significantly increased
compression at the posterior site for old group at the second peak (young: -11.4±4.9
MPa, old: -18.1±8.6 MPa, p = 0.006). The stresses produced by muscle and reaction
forces were reported for all 4 surfaces of the femoral neck. The loading of the proximal
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femur as assessed from stresses and their component provided loading information on
the bone structure. Understanding this information can provide the researcher with a
more comprehensive view of the loading on the bone tissues in the hip region.
Key words: Femoral neck, bone stresses, stair ascent and descent, hip moments,
estimated muscle force.
Introduction
Fractures at the femoral neck play an important role in morbidity and mortality
among older individuals. Worldwide it is estimated that the incidence of hip fractures
will rise from 1.66 million in 1990 to 6.26 million by 2050 (Dhanwal et al. 2011; Pesce et
al. 2009). Overall mortality rate of hip fractures reaches 14.0-21.6% and the estimated
290,000 cases are expected by 2030, femoral neck fractures will play an integral role in
the health of aging population (Kenzora et al., 1984; White et al., 1987; Stevens et al.,
2013). Moreover, healing of hip fractures costs a greater amount of health funding in the
United States, with estimated amounts per year about $7.1 billion (Praemer et al. 1992).
Bone loading is one of the main factors which could be used to investigate if a structure
failure or damage will occur for individuals under different external loading.
Understanding the loading environment of the femoral neck during daily activities is
necessary. The regulation of these activities may minimize further damage to an injured
site and develop some preventative measures.
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Due to the structure of femoral neck, the hip abductor muscles provide abductor
torque to counter the large adductor torque caused by weight of the torso on the
proximal femur. The torso weight vector compresses the inferior surface of the femoral
neck while the superior surface tends to be tensile during the single support phase of
gait. The component of the torso weight and the muscles that cross the hip generate the
axial compression, which acts evenly throughout the cross section and sums with the
stress caused by the bending. This axial compression increases the inferior surface
compression and decreases the superior surface tension. Increased load magnitudes
and frequencies (causing fatigue fractures) (Zadpoor et al. 2011), insufficient bone
strength (causing fragility fractures) (Greenspan et al. 1994), or a combination of these
factors can be major signs of failure on the femoral neck system. Aging population
suffers a decline of muscle mass, strength, and power (Brooks et al 1994; Frontera et al.
2000), which may reduce the muscle forces acting on the proximal femur and change
the stress distribution of the femoral neck. The change of stress could be a main factor
which may lead to more risks of the bone failures and damages to the older population.
Direct or indirect measurements were utilized in the research to analyze the
loading environment for the hip joint, proximal femur, or the femoral neck.
Instrumented prostheses transmit the hip joint contact forces or bending moments via a
cable to the computer while activities were performed. Joint loading environment of the
proximal femur during stair ascent and descent were examined by these devices
(Bergmann et al. 1988; 1993; 1995 a, b; 2001). These measurements were performed on
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a small number of subjects (n = 2-4; age 51-76) and the subjects were atypical since they
undergone hip replacement surgery within 11-31 months prior to the testing. These
measurements provide a direct measure of the hip joint forces, but the invasive nature
and limited subject pool reduces the practicality of this protocol in most laboratory and
clinic settings. Inverse dynamics and rigid body modelling techniques estimate net joint
moments and reaction forces based on the external loading, such as ground reaction
forces or moments, during stair ascent and descent (Novak et al., 2011; Protopapadaki
et al., 2007; Kirkwood et al.1999; Costigan et al. 2002). These measures give an estimate
of net joint moment and the reaction force for the hip joint, but the effect of co-
contracting muscles and size of the bone which determines the potential for failure
were neglected in the analysis.
Stress analysis can estimate bone loads using methods developed for mechanics
of material, in which all the forces, moments and bone structure are taken into
consideration so that excessive loading can be determined from any sources.
Musculoskeletal modelling and muscle force estimation procedures can be used with
motion analysis and inverse dynamics as input to quantify hip contact forces and
ultimately femoral neck stresses or strains by a bone model (Duda et al. 1998; Anderson
et al. 2013). The purposes of this study were 1) to compare stresses on the femoral neck
between young and old adults, 2) to analyze the contribution of stresses from muscle
and reaction force. It was hypothesized that stresses on the femoral neck for young
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adults should be lower than old adults, which may indicate that older adult are in more
risky situations of femoral neck fractures.
Methods
Seventeen older adults and twenty young adults (power analysis in Appendix A)
who were free from lower limb injuries volunteered to participate (Table 3.1). Before
participation, they signed a written informed consent document that had been
approved by the Iowa State University Human Subjects Review Board.
The anthropometric measurements included height, body mass, and lengths,
widths, and circumferences of the right lower extremity segment. At the anatomical
landmarks of the trunk, pelvis, and right lower extremity, eighteen reflective markers
were placed with a minimum of 3 markers/segment: toe, heel for the foot segment;
anterior/posterior leg for the leg segment; anterior thigh, right hip for the thigh segment;
left hip, right/left ASIS, right/left PSIS and sacrum for the pelvis segment; medial/lateral
ankle as both in the foot and leg segments, medial/lateral knee as both in the leg and
thigh segments. All anthropometric measurements and marker placements were
performed by the same researcher. An anatomical position during a static trial collection
was performed by each subject to estimate joint center locations, and then medial
knee/ankle markers were removed. Five trials of stair ascent and five trials of stair
descent (three-step staircase, height of each stair: 19 cm) were performed for all
subjects. The left foot started to take the first step during each trial, and the right foot
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contacted the force platform on the second step. AMTI force platforms (1600 Hz, AMTI,
Watertown, MA) which measures ground reaction forces were placed on the two lower
stairs. Motion data were collected by an 8-camera system (160 Hz, Vicon MX, Centennial,
CO).
A low-pass Butterworth filter with a cutoff frequency of 6 Hz filtered the ground
reaction force and motion data. The stance phase cycle for stair ascent/descent was
during the right foot contact on the force platform (first contact to toe-off), then all the
cycles were normalized into a percentage of the stance phase. The inverse dynamics
procedures with a rigid body model were used to estimate three-dimensional net joint
moments and reaction forces at the ankle, knee, and hip joints. Segment masses, center
of mass locations, and moments of inertia were obtained (Vaughan et al. 1992). Joint
moments and reaction forces were calculated in the global coordinate system and
transformed into the coordinate system of the proximal segment at each joint. A
flexion-extension, abduction-adduction, and internal-external rotation order was used
in the calculation cardan angles for each joint.
An individually scaled musculoskeletal model based on the joint and muscle
definitions of Arnold et al. (2010) was to estimate the dynamic muscle-tendon length
and velocity adjusted maximal muscle forces, muscle moment arms and orientations for
44 lower limb muscles in which both muscles and tendons were considered as elastic
properties. The three dimensional segment angles obtained during the trials were used
in the model. Static optimization was used to select a set of muscle forces that
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minimized the sum of the squared muscle stresses (Glitsh et al., 1997) and balanced
using the sagittal plane hip, knee and ankle moments, frontal plane hip moment and the
transverse plane hip and ankle moments. Solutions were also constrained by the
maximal dynamic muscle forces estimated with the musculoskeletal model.
Min
Fi i=1
44 (  Fi/Ai)2 Subject to: rij × Fi = Mj 0 ≤ Fi ≤ Max dynamic Fi
For the ith muscle: Fi is estimated muscle force, Ai is the cross-sectional area, rij is
the moment arm for the jth joint moment, and Mj is the jth joint moment.
Hip joint reaction forces were summed with muscle forces crossing the hip joint,
and then were transformed into the thigh coordinate system as the hip joint contact
force. In the thigh coordinate system, longitudinal (LONG) direction (y-axis) was defined
as the long axis of femur, the anterior-posterior (AP) axis (x-axis) was calculated by the
cross product of y-axis and the vector from knee joint center to lateral knee marker, the
cross product of x- and y-axis was calculated as medial-lateral (ML) axis (z-axis). Forces
and moments acting at the centroid of the femoral neck cross section were calculated
by transforming the hip contact forces into a femoral neck coordinate system and using
the techniques and assumptions of beam theory. The femoral neck coordinate system
had one axis (z-axis) parallel to the longitudinal axis of the neck and one orthogonal axis
pointing approximately forward (x-axis) and the third (y-axis) obtained by the cross
product of the first two.
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An elliptical bone model (Figure 3.1) was used to estimate stresses on the
superior, inferior, anterior and posterior surface of the femoral neck. Age (20-80 years)
and gender specific subperiosteal width and cortical width data (Beck et al. 2000) were
used to create quadratic prediction equations for the outer and inner diameters along
the superior/inferior axis.
Male Outer Diameter =− 0.0004 × age2   0.0耀晦2 × age   32.042, R2 = 0.耀 2
Male Inner Diameter =− 0.0004 × age2   0.11晦2 × age   27.47晦, R2 = 0.耀 7
Female Outer Diameter =− 0.0004 × age2   0.103晦 × age   2晦.晦晦2, R2 = 0.耀耀
Female Inner Diameter =− 0.0003 × age2   0.1102 × age   22.44晦, R2 = 0.耀耀4
Where age is in years and diameters are in millimeters.
Anterior/posterior diameters were estimated by multiplying the
superior/inferior diameters by the ratio of maximal to minimal diameters (male:
1.16±0.04; female 1.26±0.03, Bell et al., 1999).
Stresses estimation formulas:
σsuperior = σ −Map   σ(Faxial) σinferior = σ Map   σ(Faxial)
σanterior = σ Mml   σ(Faxial) σposterior = σ −Mml   σ(Faxial)
Where σsuperior is the stress on the superior aspect of the femoral neck, σinferior is
the stress on the inferior aspect of the femoral neck, σanterior is the stress on the
anterior aspect of the femoral neck, σposterior is the stress on the posterior aspect of the
femoral neck, σ Mml is the stress generated by ML moment, σ Map is the stress
generated by AP moment and σ Faxial is the stress caused by the axial force.
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A combination of the joint reaction force and the muscle forces forms the total
stress on the femoral neck cross section. How these variables independently affect the
stress environment was analyzed. The joint reaction force and muscle forces have the
potential to compress the elliptical cross section of the femoral neck and to produce
bending about the major and minor axes. The stress analysis was performed using each
of these four components separately: 1) the joint reaction force compression
component, 2) the muscle force compression component, 3) the joint reaction force
bending component, and 4) the muscle bending component. The total muscle
component was the sum of 2 and 4, the total reaction component was the sum of 1 and
3, and the total stress was the sum of 1-4.
Validation of the elliptical bone model showed the correlations between elliptical
bone model and CT bone model for the tibia. The correlation of peak tensile stress on
the anterior site was 0.89, and the peak compressive stress on the posterior site was
0.96 (Derrick et al., 2016). Since the shape of femoral neck cross section is much closer
to the elliptical model than the tibia, the correlations of stresses on the femoral neck
between elliptical model and CT model should be even closer than 1 than the tibia study.
Moreover, this elliptical model was selected since it is a method to provide the stress
curves for the entire stance phase and a breakdown of the stress components in a much
more efficient manner than the finite element models.
The independent variables were the age (young vs old) and the travel direction
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(ascent vs descent). The primary dependent variable was stress, peak longitudinal,
medial-lateral and anterior-posterior hip contact forces were also calculated to help
explain results. The stress was estimated at the two time points during the stance phase
that corresponded with the two peak values on the time by stress curves. The stress on
the superior aspect of the cross section did not have a consistent first peak for older
group during stair ascent so the average time of the peak for young group was used.
In order to get a more holistic view of the relationship between these variables,
the stress was decomposed into four sources (muscle force, muscle moment, reaction
force and reaction moment). The averages of 5 trials for each direction were used for
statistical analysis. Positive stress values indicate a tensile stress and negative values
indicate a compressive stress throughout this paper, however statistics were performed
on the absolute value of the stress, making tensile and compressive stress statistically
equivalent. A two-way repeated-measures MANOVA was used to compare the
differences between the age groups and the direction as well to test for an age by
direction interaction (SPSS, IBM Corp). Univariate ANOVAs were performed given a
significant multivariate statistic. Independent t-tests were used to compare the stresses
at the same site between young and older groups. If sphericity was violated a
Greenhouse-Geisser correction was performed. Force and moment contributions to the
stress were not statistically compared. The alpha level was set at .05 for all statistical
tests.
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Results
Hip joint contact forces and femoral neck stresses were measured for both old
and young groups. The comparison between stair ascent and descent for older adults
were reported by the previous study (Chen et al. 2018), so this paper intends to report
the interactions effect between age and direction of travel, and the main effect of age.
Hip joint contact forces are presented in the thigh coordinate system and acting
on the proximal femoral head (Figure 3.2). There is no significant interaction effect
between age and direction of travel (p=0.082), the main effect of age is not significant
either (p=0.908). There is a significant interaction effect between travel direction and
age on the femoral neck stresses (p = 0.021). The main effect of age (p=0.002) and travel
direction (p=0.001) were also significant.
During both hip contact force peaks the predominant loading in the femoral neck
was compressive and occurred on the inferior region of the femoral neck during both
ascent and descent for both age groups (Figure 3.3, Table 3.2). Peak tensile stress
occurred in the superior region, while the anterior and posterior regions generally
showed compressive stress. Significant differences in stresses between young and older
groups were found during stair ascent, peak tensile stress at the superior region of the
femoral neck were greater for young group during peak 1 (13.5±6.1 MPa (Peak 1-
Superior)) compared to the old group (4.2±6.5 MPa (Peak 1-Superior)) (p < 0.001). The
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posterior region had an increased compressive stress for old group at peak 2 (-18.1±8.6
MPa (Peak 2-Poserior)) than young group (-11.4±4.9 MPa (Peak 2-Posterior)) (p = 0.006).
Based on the estimations from the model, the stress caused by the reaction force
was calculated separately from the stress caused by the muscle so that distinct
contributions to the stress load could be assessed (Table 3.2). The three greatest tensile
stress magnitudes caused by the reaction component were 80.7±22.1 MPa (peak 1-
Ascent-Older-Superior); -67.5 ± 23.2 MPa (peak 1-Descent-Young-Superior); 66.9 ± 19.3
MPa (peak 1-Ascent-Young-Superior) while the three greatest tensile stress magnitudes
caused by the muscle component were 32.8 ± 17.2 MPa (peak 1-Ascent-Older-Inferior);
29.2 ± 14.4 MPa (peak 2-Ascent-Older-Inferior); 27.9 ± 13.6 MPa (peak 1-Ascent-Young-
inferior). The three greatest compressive stress magnitudes caused by the reaction
component were -86.6±23.4 MPa (peak 1-Ascent-Older-Inferior); -84.3 ± 20.5 MPa (peak
1-Ascent-Young-Superior); -80.6 ± 26.7 MPa (peak 1-Descent-Older-Inferior) while the
three greatest compressive stress magnitudes caused by the muscle component were
relatively lesser (-76.5 ± 23.8 MPa (peak 1-Ascent-Older-Superior); -53.5 ± 15.3 MPa
(peak 1-Ascent-Young-Superior); -48.7 ± 17.3 MPa (peak 1-Ascent-Older-Posterior)).
Stresses were also decomposed according to the contributions from moments
and forces. In general the moments produce stresses much greater than forces. The
greatest compressive stress was at the inferior site during peak 1 of stair descent for
older group, the reaction force produced -4.1 ± 0.9 MPa of compression and the muscle
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forces produced -13.0 ± 3.0 MPa. On the other hand, the reaction moment produced
36.4 ± 18.2 MPa of tensile stress and the muscle moment produced -76.5 ± 25.8 MPa of
compressive stress.
Discussion
The laterally, posteriorly and distally directed hip contact forces were not
significantly different between young and old groups during stair ascent and descent,
which is similar with the outcomes from Stansfield et al. (2002). In the aspect of contact
forces, the hip joint loadings were not different between young and old, aging may not
change hip joint contact forces during stair ascent and descent.
There is a significant interaction effect between age and travel direction, and a
main effect of age. The hypothesis that stresses would be significantly decreased for
young adults was not supported by the most stress variables (Table 3.2) during both
stair ascent and descent, since most stresses did not change for young group compared
to old group. The 1st peak tensile stress at the superior site showed significant increases
for young group during stair ascent and the increased 2nd peak compressive stress at the
posterior site for old group during stair ascent was found.
An examination of the stress caused by the reaction force/moment compared to
the muscle force/moment highlights how this relationship affects the total stress
environment. At the superior site, the tensile stress caused by reaction force was
66.9±19.3 MPa (Peak 1-Ascent) for young group and 80.7±22.1 MPa (Peak 1-Ascent) for
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older group; the compressive stresses generated by the muscle forces was -53.5±15.3
MPa (Peak 1-Ascent) for young group and -76.5±23.8 MPa (Peak 1-Ascent) for older
group. For the older group the tensile stress was compensated by more compressive
stress from the muscle (Peak 1-Superior surface) for stair ascent, which resulted in
smaller net tensile stress than the young group. In general, all the stresses produced by
axial forces tended to be compressive, and stresses produced by moments performed a
bending effect on the femoral neck. Still at the superior surface during peak 1 for stair
ascent, for young group the reaction force produced 69.6±19.9 MPa of stress, and the
stress generated by the reaction moment was -2.6±0.7 MPa; the muscle force produced
-39.2±12.1 MPa of stress, and the stress produced by the muscle moment was -14.3±5.2
MPa. For older group the patterns were similar: reaction moment produced a
compressive stress of -56.7±20.0 MPa, reaction force produced a compressive stress of -
19.8±4.6 MPa; a tensile stress of 84.1±22.6 MPa was caused by muscle moment, and
muscle force caused a compressive stress of -3.4±0.6 MPa. At both superior and inferior
surfaces of femoral neck similar patterns were found that: 1) stresses produced by
muscle tended to be opposite and smaller in values than the stresses from reaction force,
which indicated that stronger muscle can effectively minimize the net stresses on the
superior and inferior surfaces of femoral neck; 2) both muscle and reaction force tended
to have greater stresses produced by moments (bending the femoral neck) than the axial
forces.
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Muscle optimization assumes that the activation of muscles follows the rules of
the cost function (minimization of the sum of the muscle stress squared). Differences
between the estimated and actual muscle force may occur if a person uses an alternate
pattern of recruitment. Estimated hip extensor muscle forces were compared to EMG
data in the literature to assess the accuracy of this estimation (Hall et al. 2015). Figures
3.4 and 3.5 showed the comparison between hip extensor muscle forces and EMG
activity (including biceps femoris long head, semimembranosus, upper gluteus maximus,
and gluteus medius muscle forces). Even though the EMG activity is a measure of the
muscle stimulation and the muscle forces represent the outcomes of muscle activation,
the relationship between the two show acceptable agreement during stair ascent, the
cross-correlation between muscle forces and EMG activities were 0.725 for older group
and 0.787 for young group. Similar pattern between muscle forces and EMG activity
were shown in the Figure 3.5 during stair descent, but low cross-correlations (older:
0.162; young: 0.164) for descent were found, these low cross-correlations may be
caused by the shifted peak curves of EMG compared to the muscle forces.
The position change of sacrum marker was analyzed by the first central
difference method to calculate 3 components of velocities (anterior-posterior, medial-
lateral, and vertical directions) for stair ascent and descent. Each component was
squared, and all squared components were added up and taken a square root to
calculate the resultant velocity for stair ascent and descent. The velocities were 0.44 ±
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0.06 m/s during stair ascent, and 0.89 ± 0.20 m/s during descent for older group. For
young group, the velocities were 0.48 ± 0.05 m/s during stair ascent, and 0.98 ± 0.17 m/s
during descent.
In this study, joint moments and contact forces, stresses and their components
(muscle, reaction, forces and moments) were analyzed to evaluate loading at the hip
joint. Net joint moments indicate the net muscle torques acting at a joint and are most
appropriately used as a measure of net muscle loading. Joint contact forces give a good
estimate of the loading between the femoral head and the pelvic acetabulum but are
not adequate to represent loading at other bone locations and give no indication of the
loading relative to the strength of the tissue. Bone stresses are more directly related to
the loads that cause the bone to fracture and include the influence of muscle forces,
reaction forces and bone geometry. Combining joint moments, contact forces and bone
stresses could help future studies analyze loading conditions in a more comprehensive
way for other physical activities. Future work will focus on the 3-dimensional femoral
model development and clinically relevant strategies to reduce stress.
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Figures and tables
Figure 3.1. Elliptical bone model and its parameters, compared with cross-sectional CT
scans of the femoral neck.
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Figure 3.2. Ensemble average of contact forces at 3 planes of the hip joint during stair
ascent (up) and descent (down). ML stands for Medial-Lateral direction, AP stands for
Anterior-Posterior direction, LONG stands for longitudinal direction. Positive values
indicate lateral, posterior, and downward directions.
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Figure 3.3. Ensemble average of stresses at 4 sites of femoral neck during stair ascent
(up) and descent (down), positive values indicate tension, negative indicate compression.
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Figure 3.4. Average of estimated hip extensor muscle forces (in Newtons) and EMG
activities (in % MVIC) during stair ascent: up (older), down (young).
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Figure 3.5. Average of estimated hip extensor muscle forces (in Newtons) and EMG
activities (in % MVIC) during stair descent: up (older), down (young).
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Table 3.1. Subjects information, including gender, age, height and weight.
Group Old Young
Gender Male Female Male Female
Number 7 10 10 10
Age
(yrs)
60 57 23 23
(6) (5) (3) (3)
Weight
(kg)
75 67 80 62
(14) (8) (14) (10)
Height
(m)
1.73 1.67 1.76 1.70
(0.05) (0.05) (0.07) (0.07)
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Table 3.2.Means (SD) of peak stresses (MPa) in 4 sites of femoral neck for young and
old groups during stair ascent and descent, P1 indicates peak 1, P2 indicates peak 2.
Values in black were significantly different from the corresponding peak for young
group. F as Force source, M as moment source; Sup as superior, Inf as inferior, Ant as
anterior, Post as posterior sites.
Stress
Site
Stair Ascent Peak 1
Old Group Stress (MPa)
Muscle Reaction
Total
F M
Total
Muscle
F M
Total
Reaction
Sup
-19.8 -56.7 -76.5 -3.4 84.1 80.7 4.2
(4.6) (20.0) (23.8) (0.6) (22.6) (22.1) (6.5)
Inf
-21.7 54.5 32.8 -3.4 -83.2 -86.6 -53.8
(4.9) (20.6) (17.2) (0.6) (22.9) (23.4) (12.2)
Ant
-20.0 28.0 8.0 -3.0 -23.0 -26.0 -18.0
(6.2) (12.2) (9.0) (1.1) (12.1) (12.7) (7.9)
Post
-21.9 -26.8 -48.7 -3.4 17.7 14.3 -34.4
(4.9) (13.4) (17.3) (0.6) (16.0) (15.8) (10.9)
Young Group Stress (MPa)
Muscle Reaction
Total
F M
Total
Muscle
F M
Total
Reaction
Sup
-14.3 -39.2 -53.5 -2.6 69.6 66.9 13.5
(5.2) (12.1) (15.3) (0.7) (19.9) (19.3) (6.1)
Inf
-19.9 47.8 27.9 -3.1 -81.2 -84.3 -56.4
(3.1) (15.2) (13.6) (0.5) (20.1) (20.5) (12.7)
Ant
-18.8 27.3 8.5 -2.9 -22.2 -25.1 -16.5
(3.2) (11.4) (9.9) (0.5) (10.4) (10.5) (4.5)
Post
-20.2 -28.1 -48.3 -3.0 20.2 17.1 -31.2
(3.2) (11.0) (12.9) (0.6) (10.0) (10.1) (9.6)
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Table 3.2. (continued)
Stress
Site
Stair Ascent Peak 2
Old group Stress (MPa)
Muscle Reaction
Total
F M
Total
Muscle
F M
Total
Reaction
Sup
-9.9 -33.9 -43.8 -3.0 62.6 59.5 15.7
(2.1) (16.4) (17.7) (0.8) (20.0) (19.3) (6.1)
Inf
-10.9 40.1 29.2 -3.4 -69.6 -73.0 -43.8
(2.4) (15.8) (14.4) (0.6) (18.6) (19.2) (9.7)
Ant
-9.2 5.0 -4.2 -2.8 -7.4 -10.2 -14.4
(2.8) (9.5) (8.7) (0.8) (11.1) (11.6) (7.7)
Post
-10.6 -6.3 -16.9 -3.0 1.8 -1.2 -18.1
(2.3) (9.7) (10.3) (0.7) (11.3) (11.3) (8.6)
Young Group Stress (MPa)
Muscle Reaction
Total
F M
Total
Muscle
F M
Total
Reaction
Sup
-8.6 -30.4 -39.0 -2.8 61.6 58.9 19.9
(2.2) (14.5) (9.8) (0.5) (9.5) (14.0) (8.4)
Inf
-8.9 31.8 22.8 -2.8 -63.1 -65.9 -43.1
(2.2) (9.7) (10.0) (0.6) (14.5) (15.0) (12.3)
Ant
-8.4 4.2 -4.3 -2.6 -9.1 -11.7 -15.9
(2.0) (10.3) (10.9) (0.5) (10.5) (10.5) (6.5)
Post
-8.4 -5.3 -13.7 -2.5 4.8 2.4 -11.4
(2.2) (11.0) (10.8) (0.7) (10.9) (11.2) (4.9)
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Table 3.2. (continued)
Stress
Site
Stair Descent Peak 1
Old Group Stress (MPa)
Muscle Reaction
Total
F M
Total
Muscle
F M
Total
Reaction
Sup
-10.7 -31.9 -42.6 -3.8 71.3 67.5 24.9
(3.2) (16.0) (18.2) (1.0) (24.0) (23.2) (9.9)
Inf
-13.0 36.4 23.4 -4.1 -76.5 -80.6 -57.2
(3.0) (18.2) (16.7) (0.9) (25.8) (26.7) (15.1)
Ant
-12.2 -2.4 -14.6 -3.1 4.8 1.7 -12.9
(2.7) (12.5) (11.5) (1.1) (13.9) (14.6) (5.4)
Post
-13.4 7.2 -6.2 -4.0 -17.7 -21.7 -27.9
(3.0) (12.4) (13.3) (0.8) (15.6) (15.7) (10.1)
Young Group Stress (MPa)
Muscle Reaction
Total
F M
Total
Muscle
F M
Total
Reaction
Sup
-10.3 -33.9 -44.3 -3.4 69.7 66.3 22.0
(3.3) (19.0) (21.4) (0.8) (23.0) (22.4) (3.8)
Inf
-11.6 38.2 26.6 -3.6 -74.2 -77.8 -51.2
(3.2) (19.4) (17.5) (0.8) (23.7) (24.3) (10.0)
Ant
-10.4 -6.5 -16.9 -2.7 7.2 4.5 -12.5
(2.7) (14.7) (15.7) (1.1) (16.4) (16.1) (5.5)
Post
-11.3 9.9 -1.4 -3.5 -17.3 -20.7 -22.1
(3.3) (15.6) (14.3) (0.8) (18.7) (19.3) (9.2)
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Table 3.2. (continued)
Stress
Site
Stair Descent Peak 2
Old group Stress (MPa)
Muscle Reaction
Total
F M
Total
Muscle
F M
Total
Reaction
Sup
-13.2 -15.2 -28.4 -2.7 49.1 46.4 18.0
(3.4) (10.5) (12.1) (0.6) (18.6) (18.2) (8.4)
Inf
-13.9 16.2 2.3 -2.8 -50.5 -53.3 -51.0
(3.4) (11.3) (10.3) (0.6) (19.3) (19.8) (14.4)
Ant
-13.2 -30.2 -43.4 -2.6 31.0 28.4 -15.0
(2.8) (11.8) (13.3) (0.6) (11.6) (11.4) (5.3)
Post
-13.2 30.0 16.8 -2.7 -34.1 -36.7 -20.0
(3.3) (12.5) (11.3) (0.8) (14.5) (14.7) (7.6)
Young Group Stress (MPa)
Muscle Reaction
Total
F M
Total
Muscle
F M
Total
Reaction
Sup
-11.6 -14.0 -25.6 -2.4 47.8 45.4 19.9
(2.8) (10.3) (11.0) (0.4) (15.5) (15.2) (7.3)
Inf
-12.1 15.3 3.2 -2.5 -49.4 -51.8 -48.6
(2.7) (10.4) (10.3) (0.4) (15.3) (15.6) (12.5)
Ant
-11.5 -28.6 -40.2 -2.3 28.0 25.6 -14.5
(2.6) (7.9) (8.9) (0.5) (9.6) (9.5) (6.2)
Post
-11.7 31.5 19.8 -2.4 -34.4 -36.8 -16.9
(2.6) (10.0) (9.7) (0.5) (10.8) (10.8) (4.8)
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Abstract
Understanding the hip loading environment during daily activity is necessary for the
understanding of hip fractures and the design of osteogenic exercises. Using the finite element
femur model, the purpose of this study was to estimate the femoral strains at 9 cross-sections
along the long axis of femur for stair ascent and descent at the hip contact force peaks. All
subjects (both young and older groups) performed 5 trials of stair ascent and 5 trials of descent
with a 3-step staircase. For the compressive strains, stair descent generated greater
compressive strains than ascent for all cross-sections (except the 8th cross-section) during both
hip joint contact force peak 1 and peak 2. For the tensile strains, stair descent generated
greater tensile strains than ascent for most cross-sections during both hip joint contact force
peak 1 (the 1st to 6th, and the 9th cross-sections) and peak 2 (the 1st to 6th, the 7th, and the 9th
cross-sections). Strains were analyzed in this study, which represents the material deformation
effect on the bone due to the sum of all the bone external loads. Using bone strains could help
future studies analyze loading conditions in a more comprehensive way for other physical
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activities, which predicts the risk of stress fractures and tests if some alternative methods (gait
type change) could reduce stress and strain effectively.
Key words: Femoral neck, finite element, bone strains, stair ascent and descent
Introduction
Bone tissue provides protective and supportive functions for the body. Moreover, bone
is constantly remodeling and changing shape to adapt to the daily forces placed upon it. With
skeletal muscles, tendons, ligaments and joints, the bone tissues form the moving machinery of
human body. As levers, the bone structure in movement makes use of the muscular forces
generated in a beneficial way. These functions allow the bones as organs which are essential to
the daily existence, especially during daily physical activities. Bone Fractures are among the
most serious injuries, which results in immobilization and caused some other related health
issues. Repetitive or highly loaded activities (Turner et al. 2005), the loss of BMD (McCreadie et
al. 2000) etc. can be main causes of a fracture.
The femoral fractures can occur at the proximal, shaft or distal parts and results in more
health issues. The proximal femoral facture could occur at the femoral head, neck or
intertrochanteric, and subtrochanteric regions. Neck fractures and intertrochanteric fractures
occur with greatest frequency in elderly patients with a low bone mineral density and are
produced by low-energy mechanisms. Subtrochanteric fractures occur in a predominantly
strong cortical osseous region which is exposed to large compressive stresses (Webb 2002).
Distal femoral and femoral shaft fractures primarily occur as high-energy injuries in young men
or low-energy osteoporotic fractures in elderly women (Higgins 2007, Sivananthan et al. 2012).
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Finite element modeling method, which involves the material property and geometry of
the bone, musculoskeletal model and force estimation, can be used to analyze the bone loading
environment and estimate the fracture risks. This material analysis provides a more accurate
estimation of stress/strain for the whole bone, and stress/strain acts as summarized variable
which takes almost all the external loads of the bone into consideration (e.g. joint contact
forces and muscular forces). Most finite element models were derived from CT or MRI scans of
bone specimens (Keyak et al. 2001; Viceconti et al 2003), and the models which are based on
real bone material property and geometry make the models with more accuracy and predict
the loading condition more realistically. Elastic modulus and compressive strength for the
model were computed in each element by using correlations between calibrated CT scan and
ash density, and between ash density and mechanical properties of trabecular and cortical
bone (Morgan et al., 2003). These procedures can be performed by the commercially available
computer programs (e.g. FEBio, Abaques), which analyze the loading environment of the bone
model. These models were applied to loading test which tried to represent some conditions like
standing, walking or landing. Finding the loading conditions and failure criteria, and testing
different bone failure theories were fulfilled by these finite element models (Keyak et al. 2001,
Sabick et al. 1997).
For vivo testing, it is well known that more complex and realistic loading conditions
(muscle models) are necessary to reflect the accurate anatomical configurations. Finite element
model with simplified muscle models resulted in significantly inaccurate analysis (Duda et al.
1998; Speirs et al. 2007). The reaction forces and the strains on the cortical surface were highly
dependent on the boundary conditions (Speirs et al. 2007). Duda et al. (1998) showed that the
63
bone loaded with all thigh muscles experienced a more or less homogeneous strain distribution,
and the shear forces and bending moments were overestimated if muscular forces were
neglected. Musculoskeletal model and static optimization based on the inverse dynamics
method provides the solution to get the detailed muscular forces as loading conditions. Inverse
dynamics-based static optimization is mostly used in muscle force prediction. A musculoskeletal
model obtains maximal dynamic muscle forces, muscle moment arms and orientations for 44
lower limb muscles (Arnold et al. 2010). Static optimization selects a set of muscle forces that
balanced the sagittal plane hip, knee and ankle moments, frontal plane hip moment, and the
transverse plane hip and ankle moments with the external moments for each frame of data,
and this set of muscle forces minimizes the sum of the squared muscle stresses (Glitsch et al.
1997).
Both compressive and tensile strains on the femur model can be predicted how much
load or micro-deformation are acting on the femur by running mechanical analysis by the finite
element modeling. Strain estimations on the bone during daily activities can reveal the loading
environment of the whole bone structure and analyze the bone loading that is responsible for
injury. Forces, moments and bone structure are all taken into account so that excessive loading
can be determined from any sources. Along the long axis, 9 cross-sections of the femur bone at
each 10% of the total length were analyzed, the purpose of this study were 1) to compare
maximum compressive and tensile strains at each cross-section during stair ascent and descent;
2) to compare which activity produces more strains on each cross-section.
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Methods
Seven male (age: 60±6 yr; body mass: 75±14 kg; height: 1.73±0.05 m) and ten female
subjects (age: 57±5 yr; body mass: 67±8 kg; height: 1.67±0.05 m) who were free from lower
limb injuries volunteered to participate (power analysis in Appendix A). Before participation,
they signed a written informed consent that had been approved by the Iowa State University
Human Subjects Review Board.
Body mass, height, and right lower extremity segment lengths, widths, and
circumferences were measured. Eighteen reflective markers were placed on anatomical
landmarks of the trunk, pelvis, and right lower extremity with a minimum of 3
markers/segment: toe, heel for the foot segment; anterior/posterior leg for the leg segment;
anterior thigh, right hip for the thigh segment; left hip, right/left ASIS and sacrum for the pelvis
segment; medial/lateral ankle can be consider both in the foot and leg segments, medial/lateral
knee can be consider both in the leg and thigh segments. All anthropometric measurements
and marker placements were performed by the same researcher. A static trial was collected
with the subject in anatomical position to estimate joint center locations by the markers on the
joints and then medial side markers of the lower extremity were removed. All subjects
performed five trials of stair ascent and five trials of descent (three-step staircase, height of
each stair: 19 cm) at their normal comfortable speed. The left foot started each trial, and the
right foot contacted the force platform on the second step. AMTI force platforms (1600 Hz,
AMTI, Watertown, MA) were placed on the two lower stairs to measure ground reaction forces.
Motion data were collected using an 8-camera system (160 Hz, Vicon MX, Centennial, CO).
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Ground reaction forces and motion data were filtered using a low-pass Butterworth
filter with a cutoff frequency of 6 Hz. The stance phase cycle for stair ascent/descent began
with right foot first contact on the force platform and finished with toe-off. All gait cycles were
normalized into a percentage of the stance phase. A rigid body model was used with inverse
dynamics procedures to estimate three-dimensional joint moments and reaction forces at the
ankle, knee, and hip. Segment masses, center of mass locations, and moments of inertia were
obtained (Vaughan et al. 1992). Joint moments and reaction forces were calculated in the
global coordinate system and then transformed into the coordinate system of the proximal
segment at each joint.
An individually scaled musculoskeletal model based on the joint and muscle definitions
of Arnold et al. (2010) was implemented in Matlab to estimate the dynamic muscle-tendon
length and velocity adjusted maximal muscle forces, muscle moment arms and orientations for
44 lower limb muscles in which both muscles and tendons were considered as elastic properties.
The three dimensional segment angles obtained during the trials were used in the model. Static
optimization was used to select a set of muscle forces that minimized the sum of the squared
muscle stresses (Glitsh et al., 1997) and balanced using the sagittal plane hip, knee and ankle
moments, frontal plane hip moment and the transverse plane hip and ankle moments.
Solutions were also constrained by the maximal dynamic muscle forces estimated with the
musculoskeletal model.
 苀ʷ i=1
44 (  Fi/Ai)
2 Subject to: rij × Fi = Mj 0 ≤ Fi ≤ Max dynamic Fi
For the ith muscle: Fi is estimated muscle force, Ai is the cross-sectional area, rij is the
moment arm for the jth joint moment, and Mj is the jth joint moment.
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The finite element model for the whole femur was provided by VAKHUM database
(http://www.ulb.ac.be/project/vakhum/). The model was developed by the clinical CT scans for
the femur from a female cadaver (age: 99-yr; mass: 55 kg; height: 1.55 m), which provided the
geometry and material properties of femur. The acquisition setting of the CT scan was 120 kVp
and 200 mAs, and images were reconstructed with a slice thickness of 2.7 mm and an in-plane
pixel resolution of 0.840 mm. The finite element model contains 104,945 linear hexahedral
elements with 115,835 degrees of freedom (or nodes). The default element edge length is 2.0
mm. Principal stresses, and principal strains will have less than 3% change when increasing
element edge length from 2.0 to 3.0 mm, which guaranteed the adequate convergence at the
refinement.
The finite element model was scaled by the individual thigh length in longitudinal
direction, and then scaled by the length·diameter2 ∝ body mass (McMahon, 1973) in radial
direction. The material property was justified by the gender specific correlations between
Young’s modulus and age (Burstein et al. 1976). Elements were assigned to one of 286 linear-
elastic material properties. The density-elasticity relationship was based on mechanical testing
data of femoral neck (Morgan et al., 2003):
E = 6850ρapp1.49, where E is the elastic modulus in MPa, and ρapp is the apparent density
in g/cm3; all materials were assigned a Poisson’s ratio of 0.3.
The finite element and musculoskeletal models were aligned into a common local
coordinate system. 27 femoral muscle insertion locations were mapped to surface nodes of the
finite element model. The finite element model was physiologically constrained at the lateral
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epicondyle, center of the patellar groove, and the femoral head contact point (Speirs et al.,
2007).
The compressive and tensile strains at the whole femur were analyzed during both hip
joint contact force peaks. The whole femoral cross-sections at each 10% of the femur length
along the long axis are extracted for each subject, which excluded the muscle attachment
points where may produce much large strains (could be 2-5 times larger) than any other bone
areas. All forces were applied as point loads and resulting strain concentrations were removed
from further analysis by discarding nodes and elements in the immediate vicinity of load
application (Polgar et al., 2003).
The independent variable was the direction of travel (ascent vs descent), the dependent
variables were compressive (minimal principal) and tensile (maximal principal) strains of 9
cross-sections of the femur (Figure 4.1). The strain was estimated at the two time points during
the stance phase that corresponded with the two peak values on the time by hip joint contact
force curves. The averages of 5 trials for each direction were used for statistical analysis. On
each cross-section, pairwise t-tests were used to compare the maximum strains on the femoral
neck between stair ascent and descent during the 1st and 2nd hip contact force peaks, for
young and older group separately. The alpha of these t-tests was set to 0.05/18 = 0.003 (SPSS,
IBM Corp).
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Results
Compressive strains
The compressive strains are presented for all 9 cross-sections (Table 4.1). Stair descent
generated greater compressive strains than ascent for most cross-sections during both hip joint
contact force peak 1 and peak 2. During peak 1, the p-values were smaller than 0.001 for the 1st
to 7th and 9th cross-sections, 0.027 for the 8th cross-section. The p-values during peak 2 were
similar to peak 1: smaller than 0.001 for the 1st to 7th and 9th cross-sections, and 0.004 for the
8th cross-section.
For stair ascent, the maximum compressive strains located at different areas for these 9
cross-sections. For both peak 1 and 2, the maximum compressive strains were at the medial-
anterior area of the 1st cross-sections, at the medial-anterior and lateral-posterior areas of the
2nd-5th cross-sections, at the medial-anterior areas of the 6th-8th cross-sections, at the central
area of the 9th cross-section. For stair descent, during both peaks, the maximum compressive
strains were at the medial-anterior area of the 1st cross-sections, at the medial-posterior and
lateral-anterior areas of the 2nd-5th cross-sections, at the medial-posterior areas of the 6th-8th
cross-sections, at the central area of the 9th cross-section.
Tensile strains
The tensile strains are presented for all 9 cross-sections (Table 4.1). Stair descent
generated greater tensile strains than ascent for most cross-sections during both hip joint
contact force peak 1 and peak 2. During peak 1, the p-values were smaller than 0.001 for the 1st
to 6th cross-sections, 0.005 for the 7th cross-section, 0.876 for the 8th cross-section, and 0.002
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for the 9th cross-section. The p-values during peak 2 were similar to peak 1: smaller than 0.001
for the 1st to 6th and the 9th cross-sections, 0.002 for the 7th cross-section, and 0.065 for the 8th
cross-section.
For stair ascent, the maximum tensile strains locations were also different for these 9
cross-sections. During both peak 1 and 2, the maximum tensile strains were at the lateral area
of the 1st cross-sections, at the lateral-posterior areas of the 2nd-8th cross-sections, at the central
area of the 9th cross-section. For stair descent, during both peaks, the lateral-anterior area of
the 1st cross-sections maintained greater strains, the 2nd-5th cross-sections had greater strains at
the lateral-anterior and medial-posterior areas; higher strains were found at the lateral-anterior
areas of the 7th-8th cross-sections, at the central area of the 9th cross-section.
Discussion
The external loadings of the bone structure can be quite different with the segment
loading analysis. For the segment (thigh, shank etc.), the analysis includes the gravity and joint
forces/moments, muscular forces won’t be estimated since muscular structure is regarded as a
part of the segment. While for the bone structure, the joint reaction forces/moments and the
muscular forces attaching to the bone are regarded as external loadings. In this study, the
femur model contains the hip joint contact forces and 27 attached muscular forces. In the
material analysis for the bone, strains represent the summarized effect of external loading
acting on the bone, which also represent the material deformation during the loading phase.
This finite element femur model was not built based on individual CT scans for each subject, but
the model geometry and the material property were adjusted by the individual thigh length and
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body mass, and scaled by the individual age and gender. Strains at the 9 cross-sections of the
whole femur were analyzed during stair ascent and descent for older adults. Maximum
compressive and tensile strains at femoral cross-sections were estimated and compared
between stair ascent and descent. These comparisons would provide more information for
researchers to figure out which activity would result in greater load on the femur.
Compressive strains for most of 9 cross-sections were greater for stair descent than
ascent during peak 1 and 2. Among all 9 cross-sections, greatest compressive strains were at the
2nd to 5th cross-sections, the pattern of strain changes were similar between stair ascent and
descent at both peaks. The maximum strains were at the 2nd cross-section (stair ascent peak 1: -
460.2±144.5 µε, peak 2: -483.7±191.0 µε; Stair descent peak 1: -1016.0±444.1 µε, peak 2: -
890.4±441.7 µε), and 3rd to 5th cross-sections (ranged from -324.0±103.8 to -401.1±156.4 µε for
stair ascent, and from -608.8±288.4 to -859.6±398.8 µε for descent) also maintained higher
strains comparing to the distal cross-sections (ranged from -93.0±49.5 to -273.5±92.8 µε for
stair ascent, and from -137.1±63.3 to -549.7±229.2 µε for descent). These outcomes showed
that the femur cross-sections were loaded by greater compressive strains during stair descent
than ascent, and more compressive strains were located at proximal femur comparing to the
distal femur.
The locations of greater compressive strains were similar for the 1st (medial-anterior
area) and the 9th cross-sections (central area) between stair ascent and descent during both
peaks. The 1st cross-section was at or close to the femoral neck region, compression occurred at
medial region due to the bending effect of the torso weight on the femoral neck; the 9th cross-
section was at or close to the knee joint surface, the greater compressive strains were at the
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central area, which also represents the knee joint contact force location. For the 2nd-8th cross-
sections, greater strains were at the medial-anterior and lateral-posterior areas during stair
ascent, and at the medial-posterior and lateral-anterior areas during stair descent.
Tensile strains showed that the 1st-7th and 9th cross-sections were greater for stair
descent than ascent. Along the long axis of the femur, greater tensile strains were also at 2nd to
5th cross-sections. The maximum strains were at the 4th cross-section during stair ascent (peak 1:
384.5±115.2 µε, peak 2: 399.0±127.0 µε), and the 3rd cross-section during descent (peak 1:
754.1±350.0 µε, peak 2: 673.2±327.0 µε). Other cross-sections between to 2nd and 5th (ranged
from 336.2±105.4 to 391.8±136.9 µε for stair ascent, and from 546.9±252.8 to 741.7±333.6 µε
for descent) also have higher strains comparing to the distal cross-sections (ranged from
97.1±53.6 to 271.6±91.1 µε for stair ascent, and from 128.7±51.8 to 426.5±173.7 µε for
descent). These outcomes showed the similar take-home message as the compressive strains:
greater tensile strains acted on the femur during stair descent than ascent, and more tensile
strains were at proximal femur than the distal femur.
Greater tensile strain locations were similar for the 1st and the 9th cross-sections
between stair ascent (1st: lateral area; 9th: central area) and descent (1st: lateral-anterior area;
9th: central area). The 1st cross-section (close to femoral neck region) suffered medially bending
effect caused by the torso weight, so greater tensile strains should be at the lateral area; the
knee joint contact force should locate at the central area of the 9th cross-section, greater tensile
strains also locate there due to Poisson’s ratio (setup as 0.3 for each element). For the 2nd-8th
cross-sections, greater strains were at the lateral-posterior areas during stair ascent. Stair
descent showed greater strains at lateral-anterior and medial-posterior areas for the 2nd-6th
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cross-sections, and at the lateral-anterior areas of the 7th-8th cross-sections. For the 2nd-8th
cross-sections, greater strains were at the medial-anterior and lateral-posterior areas during
stair ascent, and at the medial-posterior and lateral-anterior areas during stair descent.
In general, both compressive and tensile strains were analyzed in this study, which
represents the material deformation effect on the bone due to the sum of all the bone external
loads. Bone strains are more direct variables related to the loads that cause the bone damage
or fracture, and took the influence of muscle forces, reaction forces, bone geometry and
material property into consideration. Using bone strains could help future studies analyze
loading conditions in a more comprehensive way for other physical activities, which predicts
the risk of stress fractures and tests if some alternative methods (gait type change) could
reduce stress and strain effectively.
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Figures and Tables
Figure 4.1. The finite element analysis for the cross section area of whole femur at the spot of
each 10% along the femur length (from 10% to 90%).
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Table 4.1.Means (SD) of the compressive and tensile strains (in µε) for 9 cross-sections of the
femur. Significant differences between stair ascent and descent were in bold. CS as
cross-section, SA as stair ascent, SD as stair descent.
Compressive strains Tensile strains
Peak 1 Peak 2 Peak 1 Peak 2
CS SA SD SA SD SA SD SA SD
1 -256.4 -581.1 -274.9 -510.0 285.5 461.3 280.9 416.4
(75.0) (241.8) (109.2) (230.2) (74.0) (188.7) (88.9) (178.8)
2 -460.2 -1016.0 -483.7 -890.4 381.5 741.7 391.8 662.1
(144.5) (444.1) (191.0) (411.7) (110.1) (333.6) (136.9) (313.5)
3 -377.4 -859.6 -401.1 -756.8 363.4 754.1 385.0 673.2
(131.2) (398.8) (156.4) (370.2) (114.8) (350.0) (136.0) (327.0)
4 -374.6 -801.3 -388.7 -706.8 384.5 724.4 399.0 638.8
(122.0) (359.2) (136.7) (335.1) (115.2) (330.3) (127.0) (309.5)
5 -324.0 -687.6 -338.1 -608.8 336.2 612.8 342.2 546.9
(103.8) (309.1) (114.7) (288.4) (105.4) (270.0) (108.5) (252.8)
6 -262.6 -549.7 -273.5 -491.5 271.6 426.5 262.3 390.0
(90.2) (229.2) (92.8) (215.3) (91.1) (173.7) (85.4) (165.6)
7 -163.0 -345.5 -169.8 -308.8 189.2 267.1 170.9 248.2
(67.3) (159.7) (65.4) (150.6) (79.9) (112.0) (68.5) (106.7)
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Table 4.1. (continued)
8 -101.8 -139.9 -93.0 -137.1 126.2 128.7 101.1 129.3
(54.5) (61.4) (49.5) (63.3) (70.0) (51.8) (60.0) (51.2)
9 -99.7 -208.5 -97.5 -202.4 117.6 221.1 97.1 230.2
(53.3) (84.9) (42.5) (83.9) (69.9) (96.5) (53.6) (93.5)
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Abstract
For older population, development of hip fracture and pain prevention, and the design
of osteogenic exercise need better understanding of the hip joint loading environment during
daily activities. Using the motion analysis and inverse dynamics methods, combined with
musculoskeletal modelling, static optimization, and finite element femur model, this study is to
compare the femoral neck strains between stair ascent and descent, young and older
populations. The strains at the femoral neck cross-section were greater for stair descent than
ascent for young (Compressive: peak 1 descent -806.6±363.6 µε, ascent -500.1±137.5 µε,
p<0.001; peak 2 descent -679.3±301.2 µε, ascent -401.8±132.7 µε, p<0.001; Tensile: peak 1
descent 339.3±195.0 µε, ascent 176.8±68.5 µε, p=0.001; peak 2 descent 259.0±99.3 µε, ascent
123.9±46.7 µε, p=0.004) and older groups (Compressive: peak 1 descent -564.7±177.2 µε,
ascent -403.6±144.8 µε, p=0.006; peak 2 descent -503.3±155.9 µε, ascent -386.3±127.7 µε,
p<0.001; Tensile: peak 1 descent 236.7±105.3 µε, ascent 136.1±65.3 µε, p=0.003; peak 2
descent 208.7±75.1 µε, ascent 126.0±46.5 µε, p<0.001). Strain represents the material
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deformation of the bone due to the sum of all the external loads. Using bone strains could
analyze bone loading in more comprehensive ways during physical activities, which predicts the
risk of stress fractures and tests the possible preventative methods.
Key words: Femoral neck, finite element, bone strains, stair ascent and descent
Introduction
Bone tissue is regarded as a protective and supportive framework for the body.
Moreover, bone is a very dynamic organ that is constantly remodeling and changing shape to
adapt to the daily forces placed upon it. Working with skeletal muscles, tendons, ligaments and
joints, the bone tissues form the moving machinery of human body. The role of the bone
structure in movement is to act as levers, which make use of the forces generated by skeletal
muscles in a beneficial way. These functions make all the bones of the human body an organ
that is essential to people’s daily existence, especially during daily physical activities. Due to
above functions, bone fractures are among the most serious injuries for people, which results in
immobilization and caused some other related health issues. With the overall mortality rate of
hip fractures at 14.0-21.6% and the estimated 290,000 cases expected by 2030, fractures at the
femoral neck play an important role in morbidity and mortality among people, especially older
individuals (Graves., 1992), which will play an integral role in the health of aging population
(Kenzora et al., 1984; White et al., 1987; Stevens et al., 2013). The loading acting on the bone
structure is one important factor to investigate if a structure failure will occur for individuals.
More about the specific loading environment of the femoral neck should be investigated for the
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daily activities, which provides more information for the regulation of the daily activities and
minimizing further damage to an injured site or developing some more preventative measures.
A detailed analysis of the proximal femur load is necessary to understand the
mechanisms of failure. The loading environment at the proximal femur during stair ascent and
descent (Bergmann et al., 1988; 1993; 1995a, 1995b; 2001) was measured by instrumented
prostheses in the hip joint implant. These devices transmit the hip joint forces via a wireless
signal to a computer while patients perform various activities. However, these measurements
were performed on a small number of subjects (n = 2-4) and the subjects were atypical since
they had hip replacement surgery 11-31 months prior to the testing, the invasive nature and
limited subject pool of the protocol reduces the practicality in most laboratory and clinic
settings. Utilization of inverse dynamics and rigid body models estimate net joint moments and
reaction forces during stair ascent and descent (Novak et al., 2011; Protopapadaki et al., 2007),
but this method neglects the effects co-contracting muscles and fail to consider the size of the
bone in determining the potential for failure.
Finite element modeling method involves the material property and geometry of the
bone, musculoskeletal model and force estimation. This material analysis can provide a more
accurate and overall estimation of bone strains. Applying muscular and joint contact forces on
the finite element bone model can provide more detailed 3 dimensional stress and strain for
the whole bone. Most finite element models were derived from CT or MRI scans of bone
specimens (Keyak et al. 2001; Viceconti et al 2003), which makes the model with more accuracy
and predicts the loading condition in a more realistic way. In the finite element models, elastic
modulus and compressive strength were computed in each element of the bone model by using
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correlations between calibrated CT scan and ash density, and between ash density and
mechanical properties of trabecular and cortical bone. These procedures can be performed by
the commercially available computer programs (e.g. FEBio, Abaques), which analyze the loading
environment of the bone model.
Muscle forces are most frequently predicted using inverse dynamics-based static
optimization. A musculoskeletal model was used to obtain maximal dynamic muscle forces,
muscle moment arms and orientations for 44 lower limb muscles (Arnold et al. 2010). Static
optimization was used to select a set of muscle forces that minimized the sum of the squared
muscle stresses and balanced the sagittal plane hip, knee and ankle moments, frontal plane hip
moment, and the transverse plane hip and ankle moments with the external moments for each
frame of data (Glitsch et al. 1997). Musculoskeletal model and static optimization based on the
inverse dynamics method provides the solution to get the detailed muscular forces as loading
conditions.
Using finite element modeling to run the mechanical analysis, compressive and tensile
strains on the femur model can be predicted how much load or micro-deformation are acting
on the femur (Anderson et al. 2013). Accurate strain estimations on the bone during daily
activities can reveal the loading environment of the whole bone structure and analyze the bone
loading that is responsible for injury. Forces, moments and bone structure are all taken into
account so that excessive loading can be determined from any source. The purpose of this
study were 1) to compare maximum compressive and tensile strains at the femoral neck during
stair ascent and descent; 2) to find the approximate location of greater strain values on the
femoral neck.
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Methods
Seventeen older adults and twenty young adults (power analysis in Appendix A) who
were free from lower limb injuries volunteered to participate (Table 5.1). Before participation,
they signed a written informed consent document that had been approved by the Iowa State
University Human Subjects Review Board.
Body mass, height, and right lower extremity segment lengths, widths, and
circumferences were measured. Eighteen reflective markers were placed on anatomical
landmarks of the trunk, pelvis, and right lower extremity with a minimum of 3
markers/segment: toe, heel for the foot segment; anterior/posterior leg for the leg segment;
anterior thigh, right hip for the thigh segment; left hip, right/left ASIS and sacrum for the pelvis
segment; medial/lateral ankle can be consider both in the foot and leg segments, medial/lateral
knee can be consider both in the leg and thigh segments. All anthropometric measurements
and marker placements were performed by the same researcher. A static trial was collected
with the subject in anatomical position to estimate joint center locations by the markers on the
joints and then medial side markers of the lower extremity were removed. All subjects
performed five trials of stair ascent and five trials of descent (three-step staircase, height of
each stair: 19 cm) at their normal comfortable speed. The left foot started each trial, and the
right foot contacted the force platform on the second step. AMTI force platforms (1600 Hz,
AMTI, Watertown, MA) were placed on the two lower stairs to measure ground reaction forces.
Motion data were collected using an 8-camera system (160 Hz, Vicon MX, Centennial, CO).
Ground reaction forces and motion data were filtered using a low-pass Butterworth
filter with a cutoff frequency of 6 Hz. The stance phase cycle for stair ascent/descent began
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with right foot first contact on the force platform and finished with toe-off. All gait cycles were
normalized into a percentage of the stance phase. A rigid body model was used with inverse
dynamics procedures to estimate three-dimensional joint moments and reaction forces at the
ankle, knee, and hip. Segment masses, center of mass locations, and moments of inertia were
obtained (Vaughan et al. 1992). Joint moments and reaction forces were calculated in the
global coordinate system and then transformed into the coordinate system of the proximal
segment at each joint.
An individually scaled musculoskeletal model based on the joint and muscle definitions
of Arnold et al. (2010) was implemented in Matlab to estimate the dynamic muscle-tendon
length and velocity adjusted maximal muscle forces, muscle moment arms and orientations for
44 lower limb muscles in which both muscles and tendons were considered as elastic properties.
The three dimensional segment angles obtained during the trials were used in the model. Static
optimization was used to select a set of muscle forces that minimized the sum of the squared
muscle stresses (Glitsh et al., 1997) and balanced using the sagittal plane hip, knee and ankle
moments, frontal plane hip moment and the transverse plane hip and ankle moments.
Solutions were also constrained by the maximal dynamic muscle forces estimated with the
musculoskeletal model.
 苀ʷ i=1
44 (  Fi/Ai)
2 Subject to: rij × Fi = Mj 0 ≤ Fi ≤ Max dynamic Fi
For the ith muscle: Fi is estimated muscle force, Ai is the cross-sectional area, rij is the
moment arm for the jth joint moment, and Mj is the jth joint moment.
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The finite element model for the whole femur was provided by VAKHUM database
(http://www.ulb.ac.be/project/vakhum/). The model was developed by the clinical CT scans for
the femur from a female cadaver (age: 99-yr; mass: 55 kg; height: 1.55 m), which provided the
geometry and material properties of femur. The acquisition setting of the CT scan was 120 kVp
and 200 mAs, and images were reconstructed with a slice thickness of 2.7 mm and an in-plane
pixel resolution of 0.840 mm. The finite element model contains 104,945 linear hexahedral
elements with 115,835 degrees of freedom (or nodes). The default element edge length is 2.0
mm. Principal stresses, and principal strains will have less than 3% change when increasing
element edge length from 2.0 to 3.0 mm, which guaranteed the adequate convergence at the
refinement.
The finite element model was scaled by the individual thigh length in longitudinal
direction, and then scaled by the length·diameter^2 ∝ body mass (McMahon, 1973) in radial
direction. The material property was justified by the gender specific correlations between
Young’s modulus and age (Burstein et al. 1976). Elements were assigned to one of 286 linear-
elastic material properties. The density-elasticity relationship was based on mechanical testing
data of femoral neck (Morgan et al., 2003):
E = 6850ρapp1.49, where E is the elastic modulus in MPa, and ρapp is the apparent density
in g/cm3; all materials were assigned a Poisson’s ratio of 0.3.
The finite element and musculoskeletal models were aligned into a common local
coordinate system. 27 femoral muscle insertion locations were mapped to surface nodes of the
finite element model. The finite element model was physiologically constrained at the lateral
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epicondyle, center of the patellar groove, and the femoral head contact point (Speirs et al.,
2007).
The compressive and tensile strains at the whole femur were analyzed during both hip
joint contact force peaks. The whole femoral neck cross-sections are extracted for each subject,
which excluded the muscle attachment points where may produce much large strains (could be
2-5 times larger) than any other bone areas. All forces were applied as point loads and resulting
strain concentrations were removed from further analysis by discarding nodes and elements in
the immediate vicinity of load application (Polgar et al., 2003).
The independent variables were the direction of travel (ascent vs descent) and the age
group (young vs older), the dependent variable were compressive (minimal principal) and
tensile (maximal principal) strains. The strain was estimated at the two time points during the
stance phase that corresponded with the peak hip joint contact force values from the bimodal
curves in the contact force by time plot. The averages of 5 trials for each direction were used
for statistical analysis. A two-way repeated-measures MANOVA was used to compare the
differences between the directions and the age groups as well to test for an age by direction
interaction (SPSS, IBM Corp). Univariate ANOVAs were performed given a significant
multivariate statistic. If sphericity was violated a Greenhouse-Geisser correction was performed.
Pairwise t-tests were used to compare the maximum strains on the femoral neck between stair
ascent and descent during the 1st and 2nd hip contact force peaks, for young and older group
separately. The alpha level was set at .05 for all statistical tests.
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Results
The main effect of direction is significant for both young and older groups (p<0.001),
while the main effect of age (p=0.066) and the interaction effect of age by direction (p=0.137)
are not statically significant.
The compressive and tensile strains are presented in the femoral neck cross-section
(Table 5.2). For older group, stair descent generated greater compressive strains than ascent
(Peak 1: -403.6±144.8 µε for ascent, -564.7±177.2 µε for descent, p=0.001; Peak 2: -386.3±127.7
µε for ascent, -503.3±155.9 µε for descent, p=0.004), and descent had greater tensile strains
than ascent (Peak 1: 136.1±65.3 µε for ascent, 236.7±105.3 µε for descent, p=0.006; Peak 2:
126.0±46.5 µε for ascent, 208.7±75.1 µε for descent, p<0.001). For young group, stair descent
generated greater compressive strains than ascent (Peak 1: -500.1±137.5 µε for ascent, -
806.6±363.6 µε for descent, p<0.001; Peak 2: -401.8±132.7 µε for ascent, -679.3±301.2 µε for
descent, p<0.001), and descent had greater tensile strains than ascent (Peak 1: 176.8±68.5 µε
for ascent, 339.3±195.0 µε for descent, p=0.003; Peak 2: 123.9±46.7 µε for ascent, 259.0±99.3
µε for descent, p<0.001).
Due to the non-significant main effect of age, there is no statistical difference between
young and older groups for compressive and tensile strains. The maximum compressive strains
were -500.1±137.5 µε (ascent-peak 1), -806.6±363.6 µε (descent-peak 1), -401.8±132.7 µε
(ascent-peak 2), and -679.3±301.2 µε (descent-peak 2) for young group; while for older group
they were -403.6.8±144.8 µε (ascent-peak 1), -564.7.9±177.2 µε (descent-peak 1), -386.3±127.7
µε (ascent-peak 2), and -503.3±155.9 µε (descent-peak 2). For the tensile strains at peak 1,
strains for young group were 176.8±68.5 µε (ascent) and 339.3±195.0 µε (descent) while for
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older groups were 136.1±65.3 µε (ascent) and 236.7±105.3 µε (descent). Tensile strains at peak
2 were 123.9±46.7 µε (ascent) and 259.0±99.3 µε (descent) for young group, for older group
were 126.0±46.5 µε (ascent) and 208.7±75.1 µε (descent).
For both young and older group, greater compressive strain were located at: 1) the
superior & mid-posterior surfaces for stair ascent at peak 1; 2) the superior & upper-posterior
surfaces for stair ascent at peak 2; 3) the inferior surface for descent at peak 1 and 2. The
greater tensile strains were located at: 1) the superior & upper to mid-posterior surfaces for
stair ascent at peak 1; 2) the superior & upper-posterior surfaces for stair ascent at peak 2; 3)
the superior surface for descent at peak 1 and 2.
Discussion
A variety of ways can analyze the hip joint loadings. Joint reaction forces and moments
reflect the external loading for the whole thigh segment, which includes both bone and soft
tissue. Musculoskeletal model and static optimization can provide estimated muscular forces,
which combined with joint reaction forces to calculate the hip joint contact force. Both the
muscular forces and hip joint contact forces could be regarded as external loadings acting on
the femur. In this study, the three-dimensional finite element femur model with muscular
forces and constrained points provides both material and geometry information of the femur,
and the distributed loadings on the entire structure. This femur model was not built based on
individual CT scans for each subject, but the model geometry was adjusted by the individual
thigh length and body mass, and the model material property was scaled by the individual age
and gender. Femoral neck strains were analyzed during stair ascent and descent for both young
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and older adults. Maximum compressive and tensile strains at the femoral neck were compared
between stair ascent and descent, and between young and older adults, which would be helpful
for researchers to figure out which activity would result in greater load on the femoral neck,
and which age group suffered more strains during stair navigation.
The compressive strains at the femoral neck cross-section were greater for stair descent
than ascent during both hip joint contact force peaks. These outcomes indicate that the femoral
neck suffers more compressive loadings from stair descent than ascent. Greater compressive
strains for stair descent locate at the inferior surface at both peak 1 and 2, which may mostly be
due to the large adductor torque caused by weight of the torso. In general, the torso weight
compresses the neck concave inferior during stair descent due to a relatively extended position
of the hip and knee, and the ground reaction force is directed through the joints and minimizes
the ability of the muscles to absorb the energy of the downward moving mass. For stair ascent,
the compressive strains locate at the superior & mid-posterior surfaces at peak 1, and the
superior & upper-posterior surfaces at peak 2. Large adductor torque caused by weight of the
torso compresses the femoral neck concave more posteriorly due to a relatively flexed position
of the hip, and the muscles produce more extensor torque to counter balance the flexor torque
caused by the ground reaction force.
The tensile strains at the femoral neck cross-section were also greater for stair descent
than ascent, in magnitudes which are smaller than the compressive strains. Greater tensile
strains for stair descent locate at the superior surface at both peaks, which could be explained
by the tensile bending at the superior surface of the neck caused by the torso weight and a
relatively extended position of the hip. If similar mechanisms were used for stair ascent, the
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greater tensile strains would have located around the anterior surface of the femoral neck.
However, the results show that greater tensile strains are at the superior & upper to mid-
posterior surfaces at peak 1 and the superior & upper-posterior surfaces at peak 2, which are
pretty close to the location of maximum compressive strains. This phenomenon could probably
be explained by 1) the greater adductor muscle activities which cancelled out the tensile effect
caused by the torso weight; 2) Poisson ratio (0.3) for each element in the model, greater
compressive strain at one element in one direction will cause greater tensile strains in lateral
directions. The ratio of compressive and tensile strains also supports this explanation
(compressive/tensile is about 3).
Both compressive and tensile strains were analyzed in this study, which represents the
material deformation effect on the bone due to the sum of all the bone external loads. The net
muscle loading and joint reaction loading give a good estimate of the loading at the hip joint
(between the femoral head and the pelvic acetabulum), but they are not adequate to represent
loading at other bone locations and give no indication of the loading relative to the strength of
the bone tissue. Bone strains are more direct variables related to the loads that cause the bone
damage or fracture, and took the influence of muscle forces, reaction forces, bone geometry
and material property into consideration. Using bone strains could help future studies analyze
loading conditions in a more comprehensive way for other physical activities, which predicts
the risk of stress fractures and tests if some alternative methods (gait type change) could
reduce stress and strain effectively.
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Figures and tables
Figure 5.1. The strain distribution for the femoral neck during the 1st peak, posterior view,
older group.
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Table 5.1. Subject information: gender, age, body weight and height.
Table 5.2.Means±SD of peak strains (µε) for the femoral neck for young and old groups during
stair ascent and descent.
Older group
Stair ascent Stair descent
Strain type Peak 1 Peak 2 Peak 1 Peak 2
Compressive -403.6±144.8 -386.3±127.7 -564.7±177.2 -503.3±155.9
Tensile 136.1±65.3 126.0±46.5 236.7±105.3 208.7±75.1
Young group
Stair ascent Stair descent
Strain type Peak 1 Peak 2 Peak 1 Peak 2
Compressive -500.1±137.5 -401.8±132.7 -806.6±363.6 -679.3±301.2
Tensile 176.8±68.5 123.9±46.7 339.3±195.0 259.0±99.3
Group Old Young
Gender Male Female Male Female
Number 7 10 10 10
Age
(yrs)
60 57 23 23
(6) (5) (3) (3)
Weight
(kg)
75 67 80 62
(14) (8) (14) (10)
Height
(m)
1.73 1.67 1.76 1.70
(0.05) (0.05) (0.07) (0.07)
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Abstract
This research focused on stair descent to explore the loading environment of the
femoral neck, and develop some methods which might reduce femoral neck loads in the daily
activities. Using the motion analysis and inverse dynamics methods, combined with
musculoskeletal modelling, static optimization, and finite element femur model, maximum
compressive and tensile strains were tested at the femoral neck using different gait types (step
over step, step by step) and different external weight carrying strategies (10% of body weight at
ipsilateral side, 10% at contralateral side) during stair descent. There is no significant Pearson
Correlation between age and femoral neck strains. The best Pearson Correlation (R=-0.282)
between age and compressive strain was found for the condition of step-over-step with
external weight at the ipsilateral side during the 2nd peak of hip joint contact force. Compared
with step-over-step, the compressive strain was significantly reduced for step-by-step with the
trailing leg for the 1st peak (trailing: -739.6±184.0 µε, step-over-step: -852.1±213.9 µε, p<0.001,
d=0.70). Contralateral side weight carrying increased both compressive and tensile strains for
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both step-over-step and step-by-step strategies than ipsilateral. In general, applying step-by-
step method for the trailing leg and avoid external weight carrying at contralateral side could
be effective to reduce femoral neck strains.
Key words: Femoral neck, finite element, bone strains, stair descent
Introduction
Bone is a structure which could be constantly remodeling and changing shape to adapt
to the external load during the daily life, some types (e.g. flat bone) protects the human body,
others (e.g short or long bones) give support and stability the postures and movement. The
moving machinery of human body contains all the bone, skeletal muscles, tendons, ligaments
and joints, which is essential to people’s daily existence. Because of these important functions,
bone fractures are among the human injuries with the most seriousness since they result in
immobilization and trigged some other related health issues, especially for the older population.
Among all types of bone fractures, the overall mortality rate of hip fractures is at 14.0-21.6%
and the estimated 290,000 cases are expected by 2030, so the fractures at the femoral neck
play an important role in morbidity and mortality among people, especially older individuals
(Graves., 1992), which will play an integral role in the health of aging population (Kenzora et al.,
1984; White et al., 1987; Stevens et al., 2013). Due to the seriousness of femoral neck fractures,
to investigate if a structure failure will occur for individuals is necessary, and the analysis of the
loading environment for the bone structure could be helpful for this investigation. It is believed
that more understanding of the specific loading environment or mechanism of the femoral neck
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could be helpful for minimizing further damage to an injured site or developing some more
preventative measures.
The material property and geometry of the bone, musculoskeletal model and force
estimation were taken into consideration by the finite element method (FEM), which gives
estimation of bone stress and strain. Detailed information of 3-dimensional stress and strain for
the whole bone can be obtained by applying muscular and joint contact forces on the FEM bone
model. The CT or MRI scans of bone specimens (Keyak et al. 2001; Viceconti et al 2003) make
the FEM model with more accuracy and predict the loading condition in a more realistic way. In
the FEM models, elastic modulus and compressive strength were computed in each element of
the bone model by using correlations between calibrated CT scan and ash density, and between
ash density and mechanical properties of trabecular and cortical bone. These procedures can be
performed by the commercially available computer programs (e.g. FEBio, Abaques), which
analyze the loading environment of the bone model.
Muscle forces are most frequently predicted using inverse dynamics-based static
optimization. A musculoskeletal model was used to obtain maximal dynamic muscle forces,
muscle moment arms and orientations for 44 lower limb muscles (Arnold et al. 2010). Static
optimization was used to select a set of muscle forces that minimized the sum of the squared
muscle stresses and balanced the sagittal plane hip, knee and ankle moments, frontal plane hip
moment, and the transverse plane hip and ankle moments with the external moments for each
frame of data (Glitsch et al. 1997). Musculoskeletal model and static optimization based on the
inverse dynamics method provides the solution to get the detailed muscular forces as loading
conditions.
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FEMmodels were applied to loading test which tried to represent some conditions like
standing, walking or landing. Finding the loading conditions and failure criteria, and testing
different bone failure theories were fulfilled by these finite element models (Keyak et al. 2001,
Sabick et al. 1997). For vivo testing, it is well known that more complex and realistic loading
conditions (muscle models) are necessary to reflect the accurate anatomical configurations.
Finite element model with simplified muscle models resulted in significantly inaccurate analysis
(Duda et al. 1998; Speirs et al. 2007). The reaction forces and the strains on the cortical surface
were highly dependent on the boundary conditions (Speirs et al. 2007). Duda et al. (1998)
showed that the bone loaded with all thigh muscles experienced a more or less homogeneous
strain distribution, and the shear forces and bending moments were overestimated if muscular
forces were neglected.
Using finite element modeling to run the mechanical analysis, compressive and tensile
strains on the femur model can be predicted how much load or micro-deformation are acting
on the femur (Anderson et al. 2013). Accurate strain estimations on the bone during daily
activities can reveal the loading environment of the whole bone structure and analyze the bone
loading that is responsible for injury. Forces, moments and bone structure are all considered so
that excessive loading can be determined from any source.
Based on previous projects, stair descent generated greater stress/strains than ascent.
More research could focus on stair descent to explore the loading environment of the femoral
neck, some methods which might reduce femoral neck loads could be developed for the daily
activities. In this study, maximum compressive and tensile strains were tested at the femoral
neck using different gait types (step over step, step by step) and different external weight
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carrying strategies (no load, 10% of body weight at ipsilateral side, 10% at contralateral side)
during stair descent. A linear regression model was used to test if there is a significant
correlation between age and strain from each combination of gait type and external loading
carrying strategy (2 by 3). More analysis was applied to compare femoral neck strains between
gait types (step-over-step v.s step-by-step), and among different external weight carrying
strategies (10% of body weight at ipsilateral side, 10% at contralateral side), which could
provide some preventative methods to reduce femoral neck strains for the injured leg. It is
assumed that 1) aging will have a significant correlation with greater strain during stair descent
for most combinations of gait type and external loading carrying strategy; 2) the gait type of
step-by-step should significantly reduce the femoral neck strains than step-over-step; and 3)
contralateral weight carrying would increase femoral neck strains than the ipsilateral strategy.
Methods
Forty-two adults aged from 18 to 70 yrs old (power analysis in Appendix A) who were
free from lower limb injuries volunteered to participate (39.7±15.3 yrs, height: 1.72±0.08 m,
weight: 72.9±13.0 kg). Before participation, all the participants signed a written informed
consent document that had been approved by the Iowa State University Human Subjects
Review Board.
Body mass, height, and lower extremity segment lengths, widths, and circumferences
for both sides were measured. Twenty nine reflective markers were placed on anatomical
landmarks of the trunk, pelvis, and both lower extremity with a minimum of 3
markers/segment: toe, lateral foot, heel for the foot segment; anterior/lateral leg for the leg
99
segment; anterior thigh, hip for the thigh segment; right/left ASIS, right/left PSIS and sacrum for
the pelvis segment; medial/lateral ankle can be consider both in the foot and leg segments,
medial/lateral knee can be consider both in the leg and thigh segments. All anthropometric
measurements and marker placements were performed by the same researcher. A static trial
was collected with the subject in anatomical position to estimate joint center locations by the
markers on the joints and then medial side markers of the lower extremities were removed. All
subjects performed five trials for each of 6 conditions of stair descent (three-step staircase,
height of each stair: 18-19 cm) at their normal comfortable speed. All 6 conditions were: 1) step
over step without external load, 2) step over step with 10% of body weight at right hand side, 3)
step over step with 10% at left hand side, 4) step by step without external load, 5) step by step
with 10% of body weight at right hand side, 6) step by step with 10% at left hand side. For the
step over step conditions, the left foot started each trial, and the right foot contacted the force
platform on the second step. For step by step conditions, the right foot started each trial and
the left foot follows and landed on the same level of the staircase during each step, force
platforms were placed on the second step to measure both legs. Two AMTI force platforms
(1600 Hz, AMTI, Watertown, MA) were placed on the lower stairs to measure ground reaction
forces. Motion data were collected using an 8-camera system (160 Hz, Vicon MX, Centennial,
CO).
Ground reaction forces and motion data were filtered using a low-pass Butterworth
filter with a cutoff frequency of 6 Hz. The stance phase cycle for stair ascent/descent began
with feet first contact on the force platform and finished with toe-off. All gait cycles were
normalized into a percentage of the stance phase. A rigid body model and obtained segment
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masses, center of mass locations, and moments of inertia (Vaughan et al. 1992) were used with
inverse dynamics procedures to estimate three-dimensional joint moments and reaction forces
at the ankle, knee, and hip. Joint moments and reaction forces were calculated in the global
coordinate system and then transformed into the coordinate system of the proximal segment
at each joint.
The three dimensional segment angles obtained during the trials were used in an
individually scaled musculoskeletal model which based on the joint and muscle definitions of
Arnold et al. (2010). This model was implemented in Matlab to estimate the dynamic muscle-
tendon length and velocity adjusted maximal muscle forces, muscle moment arms and
orientations for 44 lower limb muscles in which both muscles and tendons were considered as
elastic properties. Static optimization was used to select a set of muscle forces that minimized
the sum of the squared muscle stresses (Glitsh et al., 1997) and balanced using the sagittal
plane hip, knee and ankle moments, frontal plane hip moment and the transverse plane hip and
ankle moments. Solutions were also constrained by the maximal dynamic muscle forces
estimated with the musculoskeletal model.
 苀ʷ i=1
44 (  Fi/Ai)
2 Subject to: rij × Fi = Mj 0 ≤ Fi ≤ Max dynamic Fi
For the ith muscle: Fi is estimated muscle force, Ai is the cross-sectional area, rij is the
moment arm for the jth joint moment, and Mj is the jth joint moment.
The VAKHUM database (http://www.ulb.ac.be/project/vakhum/) provides the finite
element model for the whole femur, which was developed by the clinical CT scans for the femur
from a female cadaver (age: 99-yr; mass: 55 kg; height: 1.55 m). This femur model contains the
101
geometry and material properties. The acquisition setting of the CT scan was 120 kVp and 200
mAs, and images were reconstructed with a slice thickness of 2.7 mm and an in-plane pixel
resolution of 0.840 mm. The finite element model contains 104,945 linear hexahedral elements
with 115,835 degrees of freedom (or nodes). The default element edge length is 2.0 mm.
Principal stresses, and principal strains will have less than 3% change when increasing element
edge length from 2.0 to 3.0 mm, which guaranteed the adequate convergence at the
refinement.
The finite element model was scaled by the individual thigh length in longitudinal
direction, and then scaled by the length·diameter^2 ∝ body mass (McMahon, 1973) in radial
direction. The material property was justified by the gender specific correlations between
Young’s modulus and age (Burstein et al. 1976). Elements were assigned to one of 286 linear-
elastic material properties. The density-elasticity relationship was based on mechanical testing
data of femoral neck (Morgan et al., 2003):
E = 6850ρapp1.49, where E is the elastic modulus in MPa, and ρapp is the apparent density
in g/cm3; all materials were assigned a Poisson’s ratio of 0.3.
The finite element and musculoskeletal models were aligned into a common local
coordinate system. 27 femoral muscle insertion locations were mapped to surface nodes of the
finite element model. The finite element model was physiologically constrained at the lateral
epicondyle, center of the patellar groove, and the femoral head contact point (Speirs et al.,
2007). The compressive and tensile strains at the femur neck were analyzed during both hip
joint contact force peaks, the muscle attachment points were excluded to avoid any extremely
larger strains (could be 2-5 times) than any other bone areas. All forces were applied as point
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loads and resulting strain concentrations were removed from further analysis by discarding
nodes and elements in the immediate vicinity of load application (Polgar et al., 2003).
For the statistical analysis, the strain was estimated at the two time points during the
stance phase that corresponded with the two peak values on the time by hip joint contact force
curves for the right leading leg. The averages of 5 trials for each condition were used for
statistical analysis. A simple linear regression model was used in all the conditions to test if
there are any statistical relationships between age and strain on the femoral neck. The
predictor was the age of the participants, the dependent variables were compressive (minimal
principal) and tensile (maximal principal) strains for each conditions. Pearson Correlation was
also tested between age and strain, in which the alpha was set to 0.05/18 = 0.003 (SPSS, IBM
Corp).
A two-way repeated-measures MANOVA was used. The independent variables were the
gait type (step-over-step vs step-by-step) and the external weight carrying strategy (no weight,
10% ipsilateral side, 10% contralateral side). Differences of strains among different gait types
and external weight carrying strategies as well as a weight strategy by gait type interaction
were tested (SPSS, IBM Corp). Univariate ANOVAs were performed given a significant
multivariate statistic. Pairwise t-tests were used to compare the strains between 2 different gait
types with no weight, and among different weight carrying strategies when using the same gait
type. If sphericity was violated a Greenhouse-Geisser correction was performed. The alpha level
was set at 1) 0.05 for all MANOVA and univariate ANOVA tests, 2) 0.008 for pairwise t-tests on
gait effect, 3) 0.008 for pairwise t-tests on weight carrying strategy effect.
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Results
Correlations between age and strains
For all the conditions, there was no significant correlation between age and strain at the
femoral neck, the absolute values of Pearson Correlations were even smaller than 0.20. The
best Pearson Correlation was found for the condition of step-over-step with external load at the
ipsilateral side at the 2nd hip joint contact peak. It showed significant weak correlation between
age and compressive strains (R=-0.282, p=0.037) for this condition. The regression model and r-
squared value are listed in the Figure 6.1.
Locations of maximal strains
For step over step conditions and trailing leg of step by step conditions, maximal
compressive strains were located at the inferior area of the femoral neck while maximal tensile
strains were at the superior area (Figure 6.2). For the leading leg, the location of maximal
compressive strains shifted anteriorly while maximal tensile strains location shifted posteriorly a
little bit (Figure 6.2).
Effect of gait type & external weight on the femoral neck strains
MANOVA results revealed a significant interaction between the gait type (gait) and the
external weight carrying strategy (weight) in peak strain (compressive: p<0.001; tensile:
p=0.001), which indicated a significant interaction in at least one of the peak values. MANOVA
main effects were also significant for gait type (compressive: p=0.008; tensile: p=0.006), and
weight (compressive: p<0.001; tensile: p<0.001).
104
Univariate results indicated that the gait by weight interaction was present for both peak
1 (compressive: p=0.003; tensile: p<0.001) and peak 2 (compressive: p=0.006; tensile: p<0.001)
strain. Main effects are not presented due to the significant interactions. Post-hoc paired t-tests
were used to compare: 1) step-over step v.s step-by-step strain values at each weight strategy
and peak; and 2) different external weight carrying strategies at each gait type and peak.
For the gait type effect (Table 6.1), the compressive strains were significantly reduced for
the trailing leg of step-by-step than step-over-step method (trailing: -739.6±184.0 µε, step-over-
step: -852.1±213.9 µε, p<0.001, d=0.70) at peak 1. For the tensile strains, at peak 2 greater
strains were found for the trailing leg than the leading leg (trailing: 298.1±99.9 µε, leading:
242.1±94.7 µε, p<0.001, d=0.55).
For the external weight effect (Table 6.2), the compressive strains were greater for
contralateral weight carrying than the ipsilateral condition for all 3 gait conditions at peak 1:
step-over-step (contralateral: -1001.0±268.7 µε, ipsilateral: -851.4±197.4 µε, p<0.001, d=1.07),
leading leg of step-by-step (contralateral: -906.8±199.0 µε, ipsilateral: -812.6±173.2 µε, p<0.001,
d=1.14), trailing leg of step-by-step (contralateral: -876.3±232.3 µε, ipsilateral: -692.6±180.6 µε,
p<0.001, d=1.65); at peak 2 for step-over-step (contralateral: -906.4±272.9 µε, ipsilateral: -
690.7±168.8 µε, p<0.001, d=1.24).
The tensile strains were also greater for contralateral weight carrying than the ipsilateral
condition at peak 1: leading leg of step-by-step (contralateral: 328.6±103.0 µε, ipsilateral:
306.4±95.6 µε, p=0.006, d=0.54); trailing leg of step-by-step (contralateral: 392.2±148.0 µε,
ipsilateral: 306.2±104.4 µε, p<0.001, d=1.12); at peak 2 for step-over-step (contralateral:
338.0±147.5 µε, ipsilateral: 278.5±107.9 µε, p=0.001, d=0.55).
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Discussion
Stair descent could cause more concerns of femoral neck fractures due to a larger
stress/strain production than ascent (previous projects), and increased fall risks (Greenspan et
al. 1994). Moreover, an older age could be another major risk factor for the femoral neck
fractures (Brooks et al 1994; Frontera et al. 2000). This study focused on stair descent to
explore the loading environment of the femoral neck, different gait types and external loading
carrying which may be used in daily life were tested, a linear regression model tested if there
are any correlations between aging and bone load. It is assumed that aging should be
significantly correlated with greater strain during stair descent.
In this study, finite element method was used to build up the human femur model,
muscular forces and constrained points were provided during the motion analysis. For each
participant, the femur model was scaled according to individual’s thigh length, body mass, age
and gender, which made the geometry and material properties much closer to the individual
than the original model. Femoral neck strains were analyzed during stair descent for healthy
adults aged from 18 to 70 yrs old. Maximum compressive and tensile strains at the femoral
neck were used as dependent variables in the linear regression tests in which age was the
predictor. These tests could reveal if aging is a major factor to increase femoral neck strains
during stair descent.
The locations of maximum strains for both compressive and tensile strains changed for
the leading leg using the step by step method. The maximal compressive strains shifted from
middle inferior area to inferior-anterior area, tensile strains were changed from middle superior
area to superior-inferior area.
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The assumption that aging may be correlated with the change of femoral neck strain
was not supported for stair descent. All the conditions showed non-significant Pearson
Correlations between age and strain, and the R values were pretty small for these conditions of
stair descent, which in absolute values were around 0 to 0.2. The best outcome showed weak
Pearson Correlation (R=-0.282) for the condition of step-over-step with external weight at the
ipsilateral side during the 2nd peak of hip joint contact force.
The hypothesis that step-by-step method could reduce femoral neck strains was
partially supported. Switching gait types could reduce femoral neck strain during stair descent
at peak 1, the trailing leg of step-by-step generated lower compressive strains at the inferior
surface of the femoral neck than step-over-step; the leading leg of step-by-step had lower
tensile strains than the trailing leg. At peak 2 the step-by-step strategy didn’t show any benefit
compared to step-over-step. These outcomes indicated that step-by-step could be effective to
reduce femoral neck compressive strains (inferior surface) and but not for the tensile strains
(superior surface) during stair descent. According to the outcomes, using the injured/target leg
as the trailing leg in step-by-step method could be effective to reduce the risk of femoral neck
fracture at inferior surface.
Different weight carrying methods could change the femoral neck strains. The
assumption is that contralateral side weight should increase femoral neck strains than the
ipsilateral side. This assumption was made according to the increase of distance for the upper
body mass center and the femoral neck, which increases the moment arm of upper body
weight acting on the femoral neck. The bending moment at the femoral neck caused by the
upper body weight could increase for contralateral side weight carrying due to the greater
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distance between the upper body mass center and the femoral neck. Showed in the result,
contralateral side weight carrying could increase femoral neck strains for both step-over-step
and step-by-step strategies. This information showed that during stair descent, when carrying
external weight, contralateral carrying strategy should be avoid since it produces more strains
on the femoral neck than ipsilateral strategy.
For this study, a generalized femur model was developed based on a 99-yr old female
cadaver, scaling of the geometry (McMahon, 1973) and material property (Burstein et al. 1976)
is necessary when this model is used for human subjects with different age and gender.
Moreover, all subjects were recruited from healthy population. Without lower extremity
injuries, muscular activities and gait strategies for the subjects could differ from those who
have lower extremity injuries (especially femoral neck fractures), so the outcomes of gait
strategy changing from this study may not be fully applied to injured population. Future studies
could focus on a more accurate model for individuals and the individuals with lower extremity
injuries history, especially femoral neck fractures.
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Figures and tables
Figure 6.1. Linear regression model for age and compressive strain at the femoral neck for the
condition of step-over-step with ipsilateral side weight.
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Figure 6.2. The strain (in µε) distribution for the femoral neck during the 1st peak, step-over-
step: posterior view (all); step-by-step: anterior view (compressive), upper posterior view
(tensile).
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Table 6.1.Means (SD) of peak strains (in µε) at the femoral neck during stair descent without
weight carrying, comparing different gait types (significant statistical p-values and effect sizes in
bold).
Compressive Tensile
Peak 1 Peak 2 Peak 1 Peak 2
No load No load No load No load
Step-over-step (SOS) -852.1 -695.6 317.6 265.9
(213.9) (173.3) (116.3) (101.2)
Step- by-step leading
(SBS-L)
-804.2 -658.3 285.9 242.1
(198.9) (185.6) (92.8) (94.7)
Step- by-step trailing
(SBS-T)
-739.6 -669.6 312.8 298.1
(184.0) (193.6) (91.9) (99.9)
SOS v.s. SBS-L p = 0.102 p = 0.094 p = 0.253 p = 0.088
d = 0.34 d = 0.25 d = 0.20 d = 0.31
SBS-L v.s. SBS-T p = 0.059 p = 0.710 p = 0.037 p < 0.001
d = 0.34 d = 0.05 d = 0.40 d = 0.55
SOS v.s. SBS-T p < 0.001 p = 0.304 p = 0.783 p = 0.043
d = 0.7 d = 0.13 d = 0.03 d = 0.28
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Table 6.2.Means (SD) of peak strains (in µε) at the femoral neck during stair descent with
comparison between contralateral and ipsilateral side weight carrying (significant statistical p-
values and effect size in bold).
Compressive strains
Peak 1 Peak 2
Ipsilateral Contra-
lateral
Statistical Ipsilateral Contra-
lateral
Statistical
Step-over-step
(SOS)
-851.4 -1001.0 p < 0.001 -690.7 -906.4 p < 0.001
(197.4) (268.7) d = 1.07 (168.8) (272.9) d = 1.24
Step- by-step
leading (SBS-L)
-812.6 -906.8 p < 0.001 -676.3 -628.6 p = 0.11
(173.2) (199.0) d = 1.14 (218.7) (227.7) d = 0.26
Step- by-step
trailing (SBS-T)
-692.9 -876.3 p < 0.001 -646.5 -724.2 p = 0.038
(180.6) (232.3) d = 1.65 (153.3) (287.1) d = 0.34
Tensile strains
Peak 1 Peak 2
Ipsilateral Contra-
lateral
Statistical Ipsilateral Contra-
lateral
Statistical
Step-over-step
(SOS)
330.8 385.5 p = 0.016 278.5 338.0 p = 0.001
(125.2) (178.7) d = 0.53 (107.9) (147.5) d = 0.55
Step- by-step
leading (SBS-L)
306.4 328.6 p = 0.006 257.5 239.0 p = 0.021
(95.6) (103.0) d = 0.54 (96.0) (100.2) d = 0.31
Step- by-step
trailing (SBS-T)
306.2 392.2 p < 0.001 301.9 362.3 p = 0.064
(104.4) (148.0) d = 1.12 (106.0) (194.8) d = 0.42
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CHAPTER 7: CONCLUSION
This dissertation is focusing on the estimation of loading environment for the human
femur, especially for the femoral neck, using different types of bone model. The analysis
showed how much stress or strain would be acting on the femur or femoral neck during stair
ascent and descent; more preventative methods to reduce bone load and fracture risks could
be tested, and some suggestions could be given to both healthy population and the population
with previous hip or femoral neck problems. It consists of 4 studies which used femur/femoral
neck models to estimate the bone stress or strain during stair navigation.
The 1st study used a simplified 2-dimensional elliptical model for the femoral neck cross-
section. Stresses at the certain area of the femoral neck were estimated. The femoral neck
stress differences between stair ascent and descent were found for all the tested areas: stair
ascent produced greater stresses at the anterior and posterior surface while descent had
greater stresses at the superior and inferior surfaces.
In the 2nd and 3rd studies, a femur model developed from cadaver was used for the
femur/femoral neck. This model provides more realistic geometry and material property
information in the analysis. For the whole femur, stair descent generated much greater strains
(both compressive and tensile) than ascent for the proximal the middle cross-sections of the
femur, these differences also were shown in the distal cross-sections but not as obvious as
proximal side. For the femoral neck region, stairs still acted as a major factor for the strain
changing while there was no difference between young and older populations. Both
compressive and tensile strains were much greater for stair descent than ascent, which
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indicated that stair descent could produce more load on the femoral neck. Due to this idea,
more preventative measures and strategies should be introduced to reduce femoral neck
strains during stair descent, which could be effective to reduce femoral neck fracture risks.
Study 4 introduced different gait types (step-over-step and step-by-step) and tested
different external weight carrying strategies for stair descent to analyze the effect of above
factors on the femoral neck strains. The results suggested that step-by-step could reduce
femoral neck compressive strains (inferior surface) and increase tensile strains (superior surface)
during stair descent for the trailing leg. Avoiding using the injured leg as the trailing leg in step-
by-step method could reduce the risk of femoral neck fracture at superior surface (tensile
strains), and using the injured leg as the trailing leg in step-by-step method could be effective to
reduce the risk of femoral neck fracture at inferior surface (compressive strains). Contralateral
side weight carrying should be avoided since it could increase femoral neck strains during stair
descent.
This series of studies gives us detailed load information for the femur/femoral neck
structures during stair ascent and descent, which could be helpful to investigate the mechanism
of fractures, and test any preventative methods (e.g. change gait type) to reduce bone load and
possible fracture risks. In general, stair descent produced greater load on the femur/femoral
neck than ascent, and there is no significant difference between young and older adults for the
femur/femoral neck load. Changing gait types using step-by-step with trailing leg could be
useful to reduce femoral neck load during stair descent.
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Two bone models were used in these studies, which represent 2-dimensional stress
(elliptical model) and 3-dimensional strains (FEM) for the femoral neck separately. The 3-
dimensional strain estimation from FEM should be focused and developed in the future since it
represents a better estimation which is shown in the 3-dimensional space for the bone
structure, it shows the load environment for all the directions for the 3-dimensional material.
For the future studies, testing some more interventions such as external support (cane, rails
etc.) will be useful to provide preventative methods to reduce load on the femoral neck.
Moreover, modifications of the FEM should be added to get a better estimation of both
geometry and material property of the bone for individual subjects.
117
REFERENCES
Anderson DE., Madigan ML., 2013. Effects of age-related differences in femoral loading and
bone mineral density on strains in the proximal femur during controlled walking. Journal
of Applied Biomechanics 29, 505-516.
Arnold, E.M., Ward, S.R., Lieber, R L., Delp, S.L., 2010. A model of the lower limb for analysis of
human movement. Annals of Biomedical Engineering 38, No. 2, 269–279.
Beck, T.J., Looker, A.C., Ruff, C.B., Sievanen, H., Wahner, H, W., 2000. Structural trends in the
aging femoral neck and proximal shaft: analysis of the Third National Health and
Nutrition Examination Survey dual-energy X-ray absorptiometry data. Journal of Bone
and Mineral Research 15, 2297-2304.
Bell, K.L., Loveridge, N., Power, J., Garrahan, N., Stanton, M., Lunt, M., Meggitt, BF., Reeve, J.,
1999. Structure of femoral neck in hip fracture: cortical bone loss in the inferior-anterior
to superior-posterior Axis. Journal of Bone and Mineral Research, 14(1), 111-119.
Bergmann, G., Graichen, F., Siraky, J., Jendrzynski, H., Rohlmann, A., 1988. Multichannel strain
gauge telemetry for orthopaedic implants. Journal of Biomechanics 21, 169-176.
Bergmann, G., Graichen, F., Rohlmann, A., 1993. Hip joint forces during walking and running,
measured in two patients. Journal of Biomechanics 26, 969-990.
Bergmann, G., Graichen, F., Rohlmann, A., 1995a. Is staircase walking a risk for the fixation of
hip implants? Journal of Biomechanics 28, 535-553.
Bergmann, G., Kniggendorf, H., Graichen, F., Rohlmann, A., 1995b. Influence of shoes and heel
strike on the loading of the hip joint. Journal of Biomechanics 28, 817-827.
Bergmann, G., Deuretzbacher, G., Heller, M., Graichen, F., Rohlmann, A., Strauss, J., Duda, G.,
2001. Hip contact forces and gait patterns from routine activities. Journal of
Biomechanics 34, 859-871.
Brooks S.V., Faulkner J.A., 1994. Skeletal muscle weakness in old age: underlying mechanisms.
Medicine and Science in Sports and Exercise 26(4): 432-439.
Brunner L.C., Eshilian-Oates L., Kuo T.Y., M.D., 2003. Hip Fractures in Adults. American Family
Physician 67(3), 537-543.
Burr, D.B., Milgrom, C, Fyhrie, D., Forwood, M., Nyska, M., Finestone, A., Hoshaw, S., Saiag, E.,
Simkin, A., 1996. In vivo measurement of human tibial strains during vigorous activity.
Bone 18, 405-410.
118
Burstein AH., Reilly DT., Martens M., 1976. Aging of bone tissue: mechanical properties. Journal
of Bone & Joint Surgery 58(1):82-86.
Cody D., Gross G., Hou F., Spencer H., Goldstein S., Fyhrie D., 1999. Femoral strength is better
predicted by finite element models than QCT and DXA. Journal of Biomechanics 32,
1013-1020.
Datta H. K, Ng W. F, Walker J. A, Tuck S. P, Varanasi S. S, 2008. The cell biology of bone
metabolism. Journal of Clinical Pathology 61, 577-587.
Delp S.L., Loan J.P., 1995. A graphics-based software system to develop and analyze models of
musculoskeletal structures. Computers in Biology and Medicine 25, 21-34.
Deng C., Gillette J.C., Derrick T.R., 2018. Femoral neck stress in older adults during stair ascent
and descent. Journal of Applied Biomechanics: https://doi.org/10.1123/jab.2017-0122.
Derrick, T.R., Edward, B.W., Fellin, R.E., Seay, J.F., 2016. An integrative modeling approach for
the efficient estimation of cross sectional tibial stresses during locomotion. Journal of
Biomechanics 49, 429-435.
Dhanwal D.K, Dennison E.M, Harvey N.C, Cooper C, 2011. Epidemiology of hip fracture:
worldwide geographic variation. Indian Journal of Orhopaedics 45(1), 15-22.
Duda G.N., Heller M., Albinger J., Schulz O., Schneider E., Claes L., 1998. Influence of muscle
forces on femoral strain distribution. Journal of Biomechanics 31, 841-846.
Edwards, W., Gillette, J., Thomas, J., Derrick T., 2008. Internal femoral forces and moments
during running: Implications for stress fracture development. Clinical Biomechanics 23,
1269-1278.
Frontera W.R., Hughes V.A., Roger A., Fielding R.A., Fiatarone M.A., Evans W.J., Roubenoff R.,
2000. Aging of skeletal muscle: a 12-yr longitudinal study. Journal of Applied Physiology
88. 1321-1326.
Giarmatzis G., Jonkers I., Wesseling M., Van Rossom S., Verschueren, S., (2015). Loading of hip
measured by hip contact forces at different speeds of walking and running. Journal of
Bone and Mineral Research. DOI: 10.1002/jbmr.2483.
Glitsch, U., Baumann, W., 1997. The three-dimensional determination of internal loads in the
lower extremity. Journal of Biomechanics, 30, 1123–1131.
Graves, E., 1992. Detailed diagnoses and procedures, national hospital discharge survey, 1990.
Vital and Health Statistics, Series 13, no. 113. Pub. (PHS)92-1774, U.S. Dept. of Health
119
and Human Services, Public Health Svc., National Center for Health Statistics, Hyattsville,
Maryland.
Greenspan SL., Myers ER., Maitland LA., Resnick NM., Hayes WC., 1994. Fall Severity and Bone
Mineral Density as Risk Factors for Hip Fracture in Ambulatory Elderly. The Journal of
the American Medical Association 271(2):128-133.
Hall M., Stevermer CA., Gillette JC., 2015. Muscle activity amplitudes and co-contraction during
stair ambulation following anterior cruciate ligament reconstruction. Journal of
Electromyography and Kinesiology 25, 298–304.
Higgins TF., 2007. Distal Femoral Fractures. The Journal of Knee Surgery, 20(1): 56-66.
Jensen, J., Tondevolde, E., 1980. A prognostic evaluation of hospital resources required for the
treatment of hip fractures. Acta Orthopaedica Scandinavica 51, 515-522.
Kenzora, E., McCarthy, E., Lowwell, D., Sledge, B., 1984. Hip fracture mortality. Relation to age,
treatment, preoperative illness, time of surgery, and complications. Clinical
Orthopaedics and Related Research 186, 45-46.
Keyak, J.H, Skinner, H., Fleming, J., 2001. Effect of force direction on femoral fracture load for
two types of loading conditions. Journal of Orthopaedic Research 19, 539-544.
Keyak J.H, Falkinstein, Y., 2003. Comparison of in situ and in vitro CT scan-based finite element
model predictions of proximal femoral fracture load. Medical Engineering & Physics 25
(9), 781-787.
Kirkwood, R., Culham, E., Costigan, P., 1999. Hip moments during level walking, stair climbing,
and exercise in individuals aged 55 years or older. Physical Therapy 4, 360-370.
Lanyon, L., Skerry, T., 2001. Postmenopausal osteoporosis as a failure of bone's adaptation to
functional loading: a hypothesis. Journal of Bone and Mineral Research : The Official
Journal of the American Society for Bone and Mineral Research 16, 1937-1947.
Lofman O, Berglund K, Larsson L, Toss G., 2002. Changes in Hip Fracture Epidemiology:
Redistribution between Ages, Genders and Fracture Types. Osteoporosis International
13, 18-25.
McCreadie, B., Goldstein, S., 2000. Biomechanics of fracture: is bone mineral density sufficient
to access risk? Journal of Bone and Mineral Research 15, 2035-2038.
McMahon T., 1973. Size and shape in biology. Science (New York, N.Y.) 179, 1201-1204.
120
Morgan E.F., Bayraktar H.H., Keaveny T.M., 2003. Trabecular bone modulus-density
relationships depend on anatomic site. Journal of Biomechanics 36, 897-904.
Novak, A.C., Brouwer, B., 2011. Sagittal and frontal lower limb joint moments during stair
ascent and descent in young and older adults. Gait & Posture, 33, 54-60.
Pesce V, Speciale D, Sammarco G, Patella Silvio, Spinarelli Antonio, Patella Vittorio, 2009.
Surgical approach to bone healing in osteoporosis. Clinical Cases in Mineral and Bone
Metabolism 6(2), 131-135.
Polgar K., Gill H.S., Viceconti M., Murray D.W., O'Connor J.J., 2003. Strain distribution within the
human femur due to physiological and simplified loading: finite element analysis using
the muscle standardized femur model. Proceedings of the Institution of Mechanical
Engineers. Part H, Journal of Engineering in Medicine 217, 173-189.
Praemer, A., Furner, S., Rice, D.P., 1992. Musculoskeletal conditions in the United States. Park
Ridge, IL: American Academy of Orthopaedic Surgeons.
Protopapadaki, A., Drechsler, I.W., Cramp, C. M., Fiona J. Coutts, J. F., Scott, M. O., 2007. Hip,
knee, ankle kinematics and kinetics during stair ascent and descent in healthy young
individuals. Clinical Biomechanics 23, 203-210.
Riener, R., Rabuffetti, M., Carlo Frigo., 2002. Stair ascent and descent at different inclinations.
Gait & Posture 15, 32–44.
Rhoa JY., Kuhn-Spearingb L, Ziouposc P, 2001. Mechanical properties and the hierarchical
structure of bone. Medical Engineering & Physics 20(2), 92-102.
Robling A.G, Castillo A.B, Turner C.H, 2006. Biomechanical and molecular regulation of bone
remodeling. Annual Review of Biomedical Engineering 8, 455-498.
Rooney B.D., Derrick T.R., 2013. Joint contact loading in forefoot and rearfoot strike patterns
during running. Journal of Biomechanics 46(13), 2201-6.
Sabick MS., Goel VK., 1997. Force needed to fracture and location of fracture region for two
simulated fall positions. Transactions of the annual meeting of the Orthopaedic
Research Society 22, 833.
Sasimontonkula S., Bayb B.K., Pavolc M.J., 2007. Bone contact forces on the distal tibia during
the stance phase of running. Journal of Biomechanics 40 (15), 3503-3509.
Seeman E., 2009. Bone Modeling and Remodeling. Critical Reviews™ in Eukaryotic Gene
Expression 19 (3), 219-233.
121
Sivananthan S., Sherry E., Warnke P., Miller MD., 2012. Mercer's Textbook of Orthopaedics and
Trauma Tenth edition. Part Four: 353.
Speirs A.D., Heller M.O., Duda G.N., Taylor W.R., 2007. Physiologically based boundary
conditions in finite element modelling. Journal of Biomechanics 40, 2318-2323.
Stevens J.A., Rudd R.A., 2013. The impact of decreasing U.S. hip fracture rates on future hip
fracture estimates. Osteoporosis International.
Swiontkowski, M., Harrington, R., Keller, T., Van Patten, P., 1987. Torsion and bending analysis
of internal fixation techniques for femoral neck fractures: the role of implant design and
bone density. Journal of Orthopaedic Research 5, 433-444.
Taddei F, Schileo E, Helgason B, Cristofolini L, Viceconti M., 2007. The material mapping
strategy influences the accuracy of CT-based finite element models of bones: an
evaluation against experimental measurements. Medical Engineering & Physics 29 (9),
973-979.
Turner CH, Wang T, Burr D.B, 2001. Shear Strength and Fatigue Properties of Human Cortical
Bone Determined from Pure Shear Tests. Calcified Tissue International. 69 (6): 373-378.
Turner, A. 2005. The biomechanics of hip fracture. The Lancet 366, 98-99.
Vaughan, C., Davis, B., O’Connor, J., 1992. Dynamics of human gait. Human Kinetics, Champaign,
IL.
Viceconti M., Taddei F., Cristofolini L., Martelli S., Falcinelli C., Schileo E., 2012. Are spontaneous
fractures possible? An example of clinical application for personalised, multiscale neuro-
musculo-skeletal modelling. Journal of Biomechanics 45, 421-426.
Webb LX., 2002. Proximal femoral fractures. Journal of the Southern Orthopaedic Association,
11(4): 203-212.
White BL., Fisher WD., Laurin CA., 1987. Rate of mortality for elderly patients after fracture of
the hip in the 1980's. The Journal of Bone & Joint Surgery 69, 1335-1340.
Zadpoor AA., Nikooyan AA., 2011. The relationship between lower-extremity stress fractures
and the ground reaction force: A systematic review. Clincal Biomechanics 26(1), 23-28.
122
APPENDIX. POWER ANALYSIS
Project Statistical
method
Effect
size
Alpha
error
Power Required total
sample size
Total
sample size
1 MANOVA 0.25 0.05 0.80 34 37
2 Pairwise t-test 0.65 0.05 0.80 17 17
3 MANOVA 0.5 0.05 0.80 34 37
4 Simple linear
regression
0.5 0.05 0.80 34 42
4 MANOVA 0.3 0.05 0.80 36 42
